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SUMMARY 
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The  objective  of  this  program  was  to  design,  fabricate  and  test  a  2-to-5  lb/sec 
airflow  single-stage  centrifugal  compressor  that  could  be  incorporated  in  a  future 
Army  advanced  technology  gas  turbine  engine.  The  design  speed  performance 
goals  were  to  exceed  75%  efficiency  at  10:1  pressure  ratio.  Since  gas  turbine 
engines  for  Army  aircraft  applications  operate  under  part-power  conditions  a 
majority  of  the  time,  an  off-design  performance  goal  of  80%  efficiency  at  8:1  pres¬ 
sure  ratio  was  established. 


In  the  design  of  the  compressor,  parametric  studies  were  conducted  to  select  an 
overall  design  consistent  with  optimum  compressor  performance  at  both  perform¬ 
ance  goals.  These  studies  defined  the  compressor  inlet  corrected  flow  rate,  im¬ 
peller  inlet  hub  and  tip  radii,  corrected  impeller  rotational  speed,  and  inlet  pre¬ 
whirl.  Airflow  selection  and  the  selection  of  the  hub  radius  were  influenced  by 
the  decision  to  design  n  compressor  that  could  be  used  in  a  small  turboshaft  engine 
with  a  concentric  shaft  front  drive. 


The  tip  radius  was  selected  after  determining  the  effect  on  axial  Mach  number, 
inducer  tip  relative  Mach  number,  and  inlet  choke  flow  margin.  The  offect  of 
inlet  guide  vane  losses,  inlet  shock  losses,  diffuser  losses,  and  shroud  friction 
heating  were  parametrically  evaluated  analytically  before  selecting  an  IGV  prewhirl 
and  rotor  speed  to  provide  optimum  overall  compressor  perfoimance.  A  remote 
inducer  design  was  selected  over  an  integral  inducer-impeller  configuration  so  that 
the  inducer  could  be  designed  using  transonic  axinl-flow  compressor  technology. 
The  work  split  between  the  inducer  and  impeller  was  selected  so  that  the  rolativo 
Mach  number  into  the  impeller  would  be  subsonic.  A  pipe  diffuser  was  selected 
over  vane  island  and  cascade  diffusers,  because  it  has  the  lowest  demonstrated 
losses  over  the  largest  range  of  Mach  number  and  because  P&WA™  has  substantial 
experience  in  designing  and  fabricating  this  type  of  diffuse?. 

Demonstrated  total-to-statie  performance  was  as  high  as  79. 6'?  efficiency  at 
8. 192:1  pressure  ratio  and  78,8%  efficiency  at  10.03:1  pressure  ratio.  Perform¬ 
ance  adjusted  for  increased  losses  from  a  damaged  diffuser  (10.15:1  pressure 
ratio  and  75.9%  efficiency)  indicates  that  the  basic  compressor  design  would  sur¬ 
pass  the  minimum  10:1  pressure  ratio  program  goal.  A  composite  overall  per¬ 
formance  map  for  the  compressor  is  presented  in  Figure  l.  Evaluation  of  com¬ 
ponent  performance  data  revealed  that  excessive  losses  occurred  in  the  inducer 
above  95%  of  design  speed  and  that  a  redesign  of  this  component  could  produce  an 
additional  performance  improvement  at  10:1  pressure  ratio. 
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INTRODPCTION 

High-pressure  ratio,  single-stage  centrifugal  compressors  offer  the  possibility  of 
providing  rugged,  relatively  erosion- resistant  and  low-cost  compression  systems 
for  advanced  gas  turbine  engines  of  the  2-to-5-lb/sec  airflow  class.  If  good  effi¬ 
ciency  can  be  obtained  at  high  pressure  ratios,  this  type  of  compressor  will  be 
more  useful  than  the  multistage  axial  flow  compressors  now  used  in  small  military 
aircraft  engines.  The  objective  of  this  five-phase  program  was  to  design,  fabri¬ 
cate,  and  test  a  high  pressure  ratio  centrifugal  compressor  with  ihe  following 
minimum  goals: 


1.  Pressure  ratio  of  10.0:1  and  corresponding  adiabatic  efficiency 
of  751  at  design  speed  and  flow. 

2.  Pressure  ratio  of  8.0:1  and  corresponding  adiabatic  efficiency 
of  80  j  at  a  speed  and  flow  condition  loss  than  that  of  Hie  design 
point. 


* 


The  five  program  phases  are  (5)  initial  compressor  design,  (2)  fabrication  and 
assembly  of  the  test  hardware,  (:t)  test  of  the  initial  configuration,  (  t)  evaluation 
of  the  test  data,  and  (5)  compressor  modification  to  include  fabrication  and  assembly 
of  new  hardware,  test,  and  data  evaluation. 

This  report  contains  information  pertaining  to  all  phases  of  the  program,  tt  in¬ 
cludes  two  appendixes.  Appendix  t  contains  tabulated  and  plotted  data  not  neces¬ 
sary  to  the  general  text.  Appendix  II  (separately  bound)  contains  the  detailed  aero¬ 
dynamic  design  and  is  classified  CONFIDENTIAL. 

The  two  test  phaser  of  the  program  were  completed  during  six  test  periods  over  a 
3-year  span.  The  progress  of  the  eon'  >*aet  experimental  program  was  interrupted 
to  permit  redesign  and  modification  of  the  test  rig  to  achieve  its  rated  rpm.  The 
following  chronological  sequence  of  the  tests  conducted  during  this  program  will 
aid  in  understanding  the  design  and  data  described  in  this  report.  Each  successive 
configuration  of  either  the  test  stage  or  rig  is  identified  by  a  build  number. 

Build  Mo.  1:  The  initial  bufld  of  the  rig  was  tested  to  approximately 

7 i>1  of  the  design  speed.  The  impeller  rubbed  the  shroud 
and  the  run  program  was  terminated. 

Build  No.  2;  The  second  build  contained  modifications  to  prevent  the 
impeller  from  contacting  the  shroud.  This  build  was 
tested  to  approximately  85k  of  design  speed,  where 
testing  was  terminated  due  to  high  rig  vibration  levels. 
Performance  data  from  this  test  were  evaluated  and  per¬ 
mitted  a  minor  aerodynamic  redesign  to  be  completed,  As  a 
result  of  the  redesign,  the  diffuser  was  resided  to  match  the 
inducer-impeller  characteristic. 

Build  No,  3:  The  vibrations  encountered  in  Build  No.  2  were  diagnosed 
as  a  critical  speed  problem,  and  the  rotor  system  and 
impeller  attachment  were  stiffened  to  increase  the  critical 
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speed  out,  hopefully,  of  the  running  range.  While  these 
modifications  improved  the  rig  operating  envelope,  high 
vibrations  were  again  encountered  at  design  speed.  The 
entire  test  program  was  completed,  with  the  exception  of 
the  design  speed  testing  and  special  instrumentation  tests. 

It  was  determined  that  the  prediction  of  rig  critical  speed 
was  relatively  inaccurate  for  the  overhung  rotor  configuration. 
It  was  further  determined  that  a  straddle-mounted  bearing 
system  (impeller  between  bearings)  would  be  capable  of 
running  at  higher  speeds  without  failure,  and  the  rig  was  re¬ 
designed  accordingly,  including  rerouting  the  inlet  flow  path 
around  the  new  front  bearing  compartment. 

Build  No.  4:  This  build  was  tested  as  a  checkout  for  the  redesigned  rig 
bearing  system;  however,  testing  was  terminated  by  an 
impel le r-to-sh roud  rub,  which  occurred  at  approximately 
8S';{  speed.  Silver  scraped  from  the  shroud  during  the  rub 
caused  damage  to  the  diffuser  entrance  region  during  this 
test.  Data  obtained  during  this  test  indicated  the  presence 
of  potential  heat  transfer  into  the  inlet  and  also  through  the 
cases.  The  Inlet  and  inlet  plenum  were  insulated  and  a 
thermal  dam  was  machined  between  the  inducer  and  im¬ 
peller  shrouds  to  eliminate  *hese  problems. 

Build  No.  5:  The  rig  waa  modified  to  include  a  thermal  dam  to  limit  the 
heat  transfer  between  the  indueer  and  impeller  shrouds,  and 
the  clearances  were  modified  to  prevent  rubbing  between 
impeller  and  shroud.  The  rig  mechanical  redesign  was 
successfully  checked  out  to  design  speed. 

Build  No.  6:  This  build  concluded  the  contract  test  program,  as  all  phases 
of  the  modified  test  plan  that  concentrated  on  obtaining  data 
near  design  speed  were  successfully  completed.  Stable  rig 
operation  was  demonstrated  at  speeds  a*  high  as  72,000  rpm 
(112%  of  design  speed). 

be  aerodynamic  and  performance  data  in  this  report  primarily  result  from  the 
•its  of  Builds  No.  2,  3,  and  0.  The  only  change  in  aerodynamic  hardware  from 
Build  No.  2  to  Build  No.  3  consisted  of  removal  of  0.020  in.  of  the  impeller  exit 
diameter  to  prevent  contact  with  the  diffuser  shroud  dur'tig  testing.  The  Build 
‘lo.  6  impeller  did  not  have  this  0. 020  in.  of  material  removed  and  thus  was 
identical  to  the  original  design.  Build  No.  §  did  have  a  new  inlet  bellmouth  and  a 
converging  inlet  with  two  additional  inlet  struts  due  to  the  new  rig  mechanical 
arrangement  required  to  achieve  design  speed.  The  inlet  guide  vanes  and  inikteer 
were  unchanged  from  the  original  design,  and  the  diffuser  was  repaired  as  mueh 
as  possible,  but  still  contained  damage  in  the  entrance  reg$ea  due  to  the  Build  No.  4 
impede  r-to- shroud  rub. 


DKSIflN  APPROACH 

AKHOnYNAMtC  DESIGN 

The  aerodynamic  design  is  completely  described  in  a  separate  volume  as 
Appendix  11  to  this  report  and  is  classified  CONFIDENTIAL.  A  brief  summary  of 
the  design  of  the  stage,  ihown  in  figure  2,  is  presented  herein.  The  design  con¬ 
sists  of  variable  inlet  guide  vanes,  an  impeller  with  a  remote  inducer,  and  a  pipe 
diffuser. 


Figure  2.  10:1  Pressure  It  at  to  Centrifugal  Comp**et*sor  St»ge. 

The  objective  of  the  program  was  eo  design  a  2-to-5Hb/sec  airflow  single-stage 
centrifugal  compressor  that  could  be  incorporated  in  a  future  Army  advanced 
technology  gas  turbine  engine.  The  design  speed  performance  goats  were  to  exceed 
?5't  efficiency  at  tQ:i  pressure  ratio,  Since  gas  turbine  engines  for  A miy  aircraft 
applications  operate  under  part-power  conditions  a  majority  of  the  time,  an  off- 
design  performance  goal  of  efficiency  at  ssl  pressure  ratio  was  established. 

tn  the  design  of  the  compressor,  parametric  studies  were  conducted  to  select  an 
overall  design  consistent  with  optimum  compressor  performance  at  both  per¬ 
formance  goals.  These  studies  defined  the  compressor  inlet  corrected  flow  rate, 
impeller  inlet  hub  and  tip  radii,  corrected  impeller  rotational  speed,  and  inlet 
prewhirt.  Airflow  selection  and  the  selection  of  the  hub  radius  were  influenced 
by  the  decision  to  design  a  compressor  that  could  be  used  in  a  small  turboshaft 
engine  with  a  concentric  shaft  front  drive.  This  configuration  required  a  larger 
inlet  hub  radius  thaa  that  normally  associated  with  research  impellers  but  U  was 
felt  that  the  toss  u  potential  performance  was  not  significant. 


The  tip  rndius  was  selected  afti-r  determining  the  effect  on  axial  Mach  number, 
inducer  tip  relative  Mach  number,  and  inlet  choke  How  margin.  The  effect  of 
inlet  guide  vane  losses,  inlet  shock  losses,  diffuser  losses,  and  shroud  friction 
heating  were  parametrically  evaluated  before  selecting  It IV  prewhirl  anti  rotor 
speed  to  provide  the  optimum  overall  compressor  performance. 

A  remote  inducer  design  was  selected  over  an  integral  inducer-impeller  con¬ 
figuration  so  that  the  inducer  could  be  designed  using  transonic  axial-flow  com¬ 
pressor  technology.  The  work  split  between  the  inducer  and  impeller  was 
selected  so  that  the  relative  Mach  number  into  the  impeller  would  lie  subsonic 
with  no  more  than  a  inducer  pressure  ratio.  The  resultant  10:1  pressure 

ratio  impeller  with  remote  inducer  is  shown  in  figure  3. 
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t  igu  •  3.  10:1  Pressure  Ratio  Centrifugal  impeller  and  Remote  Inducer. 

e«-  U.  'set*  configurations  were  evaluated  with  reaped  to  their  poteti- 

for  a;>  ....  •«  ’  >  the  single-stage  compressor.  A  pipe  diffuser  was  selected 

•r  va  te  .  .it!  cascade  diffusers,  because  it  has  the  lowest  losses  over  the 
••  rgest  range  of  .'Uaeh  number  and  because  P&WAfM  has  had  substantial  experience 
i  designing  and  fabricating  this  type  of  diffuser. 

A  tabulation  of  pertinent  compressor  design  information  is  presented  in  Table  I. 


TABLE  I.  SINGLE-STAGE  CENTRIFUGAL  COMPRESSOR  DESIGN  SUMMARY 


Compressor  Overall 
Pressure  Ratio 
Adiabatic  Efficiency,  % 
Flow  rate,  lb/sec 
Rotor  Speed,  rpm 
Specific  Speed 


Inlet 

4  Struts 

20  Inlet  Guide  Vanes 
Nominal  Guide  Vane  Setting,  deg 
Specific  Flow,  lb/ft2/sce 
Hub  Radius,  in. 

Tip  Radius,  in. 

Inducer 

Remote  Arrangement 
24-Transonie  Blades 
Hub-  Pip  Ratio 
Nominal  Pressure  Ratio 
Nominal  Efficiency,  % 


10:1* 

75 

3.1 

65,300 

80 


NACA  400  Series 
NACA  63  Series 
10 
34 
1.6 
2.6 


0.615 

1.57:1 

87.6 


Impeller 

Nominal  Pressure  Ratio  7.34:1 

Nominal  Efficiency,  %  82.  8 

Exit  Flow  Angle,  deg  19.  5 

Exit  Tip  Radius,  in.  3.52 

r.xit  Blade  Height,  in.  0.230 

Nominal  Operating  Clearance  G.  005 

Diffuser 

32- Passage  Conical  Pipe  Type 

Vaneless  Space  Radius  Ratio,  in.  1.10 

Throat  Radius  0. 11 

Straightening  Section  L/d  =  0. 5 

Cone  Geometry,  deg  3  to  5 

Nominal  Loss  (APt/Pt)  0.12 

Pressure  Recovery  Coefficient  0,789 


*  Unless  otherwise  specified,  pressure  ratio  is  the  ratio  of  discharge  siullc 
(plenum)  pressure  to  inlet  stagnation  pressure.  Efficiency  is  also  'ipectfied 
using  this  pressure  ratio. 


MECHANICAL  DESIGN 


Although  the  objectives  of  this  program  were  primarily  aerodynamic,  the  mechan¬ 
ical  aspects  of  the  test  compressor,  drive  turbine,  and  the  test  facility  exerted  a 
large  influence  on  the  course  of  the  program.  As  is  the  case  with  all  high-speed 
rotating  machinery,  design  emphasis  was  placed  on  the  evaluation  of  blade  and 
disk  stress  limits,  determination  of  rotor  critical  speeds,  and  calculation  of 
bearing  loads.  Tests  using  the  original  compressor-drive  turbine  configuration, 
described  in  the  Introduction  section,  uncovered  serious  limitations  to  the  safe 
rig  operating  envelope  and  necessitated  a  substantial  redesign  of  the  rig  rotor 
system.  Although  the  design  and  development  of  the  high-speed  drive  turbine  was 
not  part  of  the  scope  of  the  work  of  this  contract,  the  contract  compressor  stage 
was  directly  mounted  on  the  drive  turbine  rotor  and  their  system  dynamics  were 
integral.  Consequently,  a  discussion  of  the  drive  turbine  design  and  its  subse¬ 
quent  redesign  are  included  in  this  section.  The  mechanical  design  of  the  10:1 
pressure  ratio  centrifugal  stage  is  discussed  in  the  following  paragraphs.  A 
schematic  drawing  of  the  initial  drive  turbine  and  compressor  test  hardware  de¬ 
sign  is  provided  in  Figure  4.  The  design  featured  an  axial  flow  inlet,  variable 
inlet  guide  vanes,  overhung  spline  drive  inducer  and  impeller,  and  a  double 
radial  inflow  drive  turbine. 
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Inlet 


The  inlet  section  was  required  to  support  the  inlet  centerbody,  house  the  variable 
inlet  guide  vanes,  and  provide  lubricating  oil  to  the  front  bearing  and  instrumenta¬ 
tion  routing  channels.  It  was  fabricated  from  aluminum  weldments.  The  thickness 
of  the  four  supporting  struts  was  determined  by  the  size  of  the  oil  supply  line.  An 
analysis  indicated  that  the  oil  flow  requirement  could  be  accomplished  with  a 
1/8-in.  OD  tube.  Therefore,  a  conservative  maximum  thickness  of  1/4-in.  strut 
was  selected. 

With  4  struts  and  20  inlet  guide  vanes,  it  was  appropriate  to  place  every  5th  guide 
vane  in  line  with  a  strut.  All  of  the  guide  vanes  were  connected  to  a  synchronizing 
ring,  which  allowed  variable  positioning  of  the  vanes  from  zero  to  30  deg  of  pre¬ 
whirl,  An  actuator  was  used  to  position  the  vanes.  The  actuation  linkage  was  de¬ 
signed  with  close  tolerances  wherever  feasible  to  keep  alignment  errors  to  a 
minimum.  The  calculated  maximum  misalignment  of  an  individual  vane  was  ±1. 5 
deg  from  the  nominal  angle.  Sealing  of  leakage  flow  around  each  vane  was  ac¬ 
complished  with  an  O-ring  on  each  vane  shaft.  Contouring  of  the  vane  hub  and 
tip  provided  a  clearance  of  0. 005  to  0. 015  in.  at  all  positions  of  actuation. 

Inducer 


In  the  mechanical  design  of  the  inducer,  a  thin  conical  spliaed  shaft  was  used  to 
transmit  torque  from  the  drive  shaft,  The  design  of  the  remote  inducer  permitted 
it  to  be  readily  modified  to  a  close-coupled  inducer  configuration  at  a  later  date, 

A  stress  analysis  of  the  AISI  Ti-6A1-4V  inducer  disk  showed  the  maximum  effec¬ 
tive  disk  stress  to  be  just  under  35,000  psi,  wh*ch  gave  a  burst  margin  of  106%. 
An  analysis  of  the  1. 04  aspect  ratio  blade  natural  frequencies  indicated  that  there 
were  no  bending  or  torsional  modes  within  the  intended  operating  range  (Fig¬ 
ure  5). 
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Ltial  Design  of  10.0.  Fressure  Ratio  Centrifugal  Compressor  and  P&WA™  Drive  Turbine, 


Impeller 

The  impeller  attachment  design  also  employed  a  thin  conical  splined  shaft  to 
transmit  torque  and  had  a  press  fit  on  the  drive  shaft  for  alignment.  The  impel¬ 
ler  and  inducer  were  mated  with  an  interference  (snap)  fit,  as  shown  in  Figure  6. 
Stress  analysis  of  the  impeller  disk  at  72,000  rpm  showed  maximum  predicted  bore 
effective  stress  of  133, 000  psi.  Using  AISI  Ti-6Al-2Sn-4Zr-6Mo  material,  with 
a  0.2%  yield  strength  of  153,000  psi,  at  the  maximum  predicted  bore  temperature 
of  220”F,  the  disk  stresses  are  within  acceptable  limits.  A  calculated  burst  speed 
of  98,900  rpm  results  in  an  adequate  burst  margin  of  37. 2%.  A  stress  analysis 
of  the  impeller  blades  predicted  maximum  blade  stresses  at  about  75%  of  the  local 
yield  stress  (loss  of  strength  due  to  increased  temperature  taken  into  account). 


Figure  6,  Impeller  mid  Inducer  Attachment. 
Shrouds  and  Diffuser 


Aerodynamic  design  of  the  inducer  had  the  tip  diameter  converge  from  the  leading 
to  the  trailing  edges.  This  convergence  resulted  in  a  separate  inducer  and  impel¬ 
ler  to  allow  assembly.  The  aerodynamic  design  of  the  impeller  and  inducer  also 
required  operation  with  very  small  shroud  clearances,  on  the  order  of  0.005  in. 
To  minimize  the  consequences  of  rubbing  a  titanium  blade  on  a  stainless  steel 
shroud,  both  impeller  and  Inducer  shrouds  were  plated  with  a  thin  layer  of  silver, 
0.005  to  0,007  in.  thick,  which  provided  a  relatively  soft  nib  surface.  Position¬ 
ing  of  the  shrouds  relative  to  the  impeller-inducer  was  accomplished  by  means  of 
shim  selection  at  assembly. 

Stainless  Steel  410  was  selected  for  making  the  32-passage  pipe  diffuser  because 
its  low  coefficient  of  thermal  expansion  approaches  that  of  the  titanium  impeller. 
The  insides  of  the  diffuser  pipes  were  nickel  plated  to  minimise  corrosion.  The 
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alignment  of  the  diffuser  inlet  with  respect  to  the  impeller  blade  exit  was  designed 
to  be  adjusted  at  assembly  with  shims. 


To  define  running  clearances  and  diffuser-impeller  alignment,  mechanical  clear¬ 
ance  probes  were  designed  to  experimentally  measure  the  running  tip  clearance 
(Figure  7).  The  projection  of  the  replaceable  aluminum  wire  into  the  clearance 
space  was  measured  during  assembly.  On  the  test  stand,  rotor  rpm  was  in¬ 
creased  by  increments,  and  after  each  increment,  the  probes  were  removed,  and 
the  length  of  wire  was  measured  to  determine  clearance  as  a  function  of  x-otor 
apeed.  The  clearance  thus  determined  is  the  net  result  of  any  impeller  movement 
and  shroud  and  diffuser  thermal  growth. 


AMS  5613  STAINLESS 
STEEL  PROBE 


SHROUD 


CLEARANCE 


PROBE 

TIP 

DETAILS 


Figure  7.  Tip  Clearance  Probe  installation. 


Hearings  and  Seals 

The  bearing  support  for  the  compressor  and  drive  turbine  consisted  of  two  35-mm 
rolling  element  bearings  straddle  mounted  on  either  side  of  the  turbine  rotor.  The 
compressor  splined  drive  shaft  was  overhung  beyond  the  front  bearing,  as  shown 
in  Figure  8. 

The  forward  bearing,  which  also  functions  as  a  thrust  bearing  and,  hence,  posi¬ 
tions  the  impeller,  is  a  split-inner-raee  ball  bearing  that  ean  accommodate  trans¬ 
ient  thrust  reversals.  The  rear  bearing  le  a  straight-through-outer-ring  roller 
bearing  that  ean  accommodate  axial  thermal  growth.  At  the  design  speed  of 
65,300  rpm,  the  bearing  DN  (bore  diameter  in  mm  x  rpm)  is  2.28  million.  Selec¬ 
ting  a  smaller  bearing  diameter  would  force  more  severe  limitations  on  potential 
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front-drive  capability  in  an  engine  application.  It  would  also  reduce  the  allowable 
thrust  load  range  of  the  ball  bearing  (between  skid  and  fatigue  limits)  to  a  point 
where  precise  thrust  balance  control  would  be  required.  The  bearing  material, 
M50  alloy  steel  (PWA™  725),  was  selected  Ut>  the  best  available  alloy  for  both 
bearings.  Bearing  cross  sections  are  snown  in  Figure  9,  and  pertinent  design 
parameters  are  listed  in  Table  II,  Both  bearings  have  one-piece,  inner-land- 
riding  cages  that  are  machined  from  AMS  6414  steel  and  silver  plated.  Wide  cage 
lands  ensure  adequate  cage  journal  support  area.  l  ubricating  oil  is  supplied  from 
within  the  shaft  to  ensure  adequate  inner  race  cooling  and  positive  oil  distribution 
within  the  bearings.  Total  oil  flows  are  7  and  4  Ib/min,  respectively,  for  the 
ball  and  roller  bearings. 


Ball  bearing  raceway  curvatures  for  the  compressor  rig  were  selected  to  limit 
Hertz  stress  and  to  keep  spin-to-roll  ratio  (heat  generation)  to  reasonable  levels. 
The  inner  race  curvature  was  increased  somewhat  above  the  optimum  fatigue  life 
value  to  reduce  potential  cage  problems  and  heat  generation.  The  higher  curva¬ 
ture  tends  to  provide  lower  cage  loading  and  wear  by  restricting  contact  angle 
variation  due  to  misalignment  or  excessive  radial  load.  To  provide  additional 
margin  in  this  respect,  it  was  desirable  to  restrict  radial  loads  on  the  ball  bear¬ 
ing  to  no  more  than  one  third  of  the  thrust  load.  Within  this  framework,  the 
design  analysis  indicated  that  a  complement  of  15  balls  with  5/16  in.  diameter 
would  provide  the  maximum  fatigue  life. 


The  compressor  rig  roller  bearing  was  designed  to  support  radial  loads  (predicted 
from  rotor  dynamic  analysis)  up  to  150  lb  in  excess  of  150  hr  with  proper  balnnco, 
alignment,  and  lubrication.  This  resulted  in  a  complement  of  fourteen  7.5-  by 
7.5-mm  rollers. 
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DRIVE  TURBINE 
ROTOR 


>  SPLINED  COMPRESSOR 
DRIVE  SHAFT 


FRONT  BEARING 
LOCATION 


REAR  BEARING  j 
LOCATION* 


Figure  3.  initial  Compressor  Drive  ami  Bearing  Support  Design* 
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TABLE  II.  BEARING  FEATCKKS(l> 


Ball 

Boiler 

Nominal  bore  size,  mm 

35 

55 

OD,  in. 

2.4408 

2.4408 

U),  in. 

1.3779 

1.3779 

Number  of  elements 

15 

14 

Element  size 

5/16  in. 

7.5  x  7.5  »itn(2) 

Pitch  circle  diameter,  in. 

1.9095 

1.9095 

Outer  raceway  curvature,  %(3) 

52 

- 

Inner  raceway  curvature,  %v3) 

56 

MB 

Contact  angle,  deg 

25 

«• 

^Koom  temperature 
^10-ln.  radius  crown 

/«S\ 

'*  (radius  of  curvature/ball  diameter)  x  100 

Due  to  the  high  centrifugal  loading,  the  rollers  were  designed  with  more  than 
normal  crown  drop  to  reduce  the  tendency  for  end  loading  aud  wear. 

Kotor  Dynamics 

A  vibrational  analysis  of  the  compressor  and  turbine  rotor  assembly,  shown  in 
Figure  10,  indicated  acceptable  bearing  loads  and  rotor  deflections.  The  bounce 
and  pitch  modes  ill. 000  and  25,000  rpm,  respectively)  of  the  rotor  were  in  the 
lower  end  of  the  operating  speed  range  and  their  response  wot, Id  he  readily  damped 
by  the  oil  film  dampers  at  the  hat!  and  roller  bearing  supports.  Calculation  of  the 
fi~st  bending  mode  rotor  critical  speed  showed  It  was  well  out  of  the  running  range. 
Dynamic  response  calculations  of  bearing  toads  are  shown  in  Figures  il  and  12  for 
a  o.i  ez-ln.  unbalance  at  the  front  and  rear  bearings,  respectively. 

Thrust  Balance 


An  external  system  was  incorporated  to  supply  gaseous  nitrogen  on  the  rear  faee 
of  the  compressor  impeller  to  maintain  a  minimum  thrust  toad  on  the  ball  bearing. 
Calculated  load  as  a  function  of  speed  required  to  prevent  the  ball  bearing  from 
skidding  is  shown  in  Figure  13.  the  240  lb  requited  at  design  speed  was  well 
below  the  maximum  recommended  baU  bearing  thrust  load  capacity  of  460  lb. 
Labyrinth-type  knife  edge  seals  were  used  to  contain  the  nitrogen  in  the  thrust 
balance  cavity.  In  addition,  a  seat  dam  cavity  between  the  impeller  tip  baekface 
and  the  thrust  hataaee  cavity  was  incorporated  that  minimised  flow  between  the 
impeller  tip  baekface  and  the  thrust  balance  cavity. 
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FORWARD  REARING  LOAD  -  in.  (Hundreds) 


figure  10.  Compressor  ami  Turbine  Uotor  Assembly, 


figure  U.  initial  Rotor  Configuration  Predieted  front  Rearing  Loads 


Figure  13.  Predicted  Bail  Miutoum  Timm  Lead  K«tuiremeut». 


Modifications 


The  impeller  attachment  scheme  was  stiffened  when  high  rotor  vibrations  in 
Build  No.  2  limited  maximum  speed  to  58,000  rprn.  Tlte  impeller  bore  diameter 
was  increased  to  permit  insertion  of  a  cylindrical  spacer,  shown  in  Figure  14. 
The  cylindrical  spacer  added  stiffness  at  the  impeller-shaft  attachment  point  due 
to  the  larger  diameter  in  the  impeller  region.  A  spacer  was  also  added  between 
the  inducer  and  impeller.  This  spacer,  in  conjunction  with  the  impeller  cylindri¬ 
cal  spacer,  permitted  the  axial  load  to  be  transmitted  from  tlte  front  of  the  in¬ 
ducer,  through  the  impeller,  to  the  drive  shaft  in  a  more  direct  fashion.  Further 
action  was  taken  to  prevent  a  rub  from  occurring  in  the  event  rotor  vibrations 
were  n'  t  corrected.  The  Impeller  exit  diameter  was  reduced  0.020  in.  to  prevent 
the  impeller  tip  from  rubbing  the  diffuser  vaneless  space. 


Figure  14.  Impeller  Shaft  Attachment  Modification. 

The  impeller  attachment  modifications  increased  the  maximum  allowable  rotor 
speed  to  slightly  iq  excess  of  design  speed  (65,300  rpm).  However,  during 
Build  No,  3,  high  vibrations  at  or  near  design  speed  eaused  the  front  bearing  to 
fail  after  3, 1  hr  of  operation  at  95  to  1  OO'I  of  design  speed,  Hapid  shutdown  pro¬ 
cedures  prevented  any  damage  to  the  compressor,  but  it  was  decided  not  to 
resume  testing  until  after  the  rotor  assembly  was  completely  redesigned  for  in¬ 
creased  dynamic  stability. 

MECHANICAL  REDESIGN 


The  approach  taken  in  the  mechanical  redesign  of  the  compressor/turbine  rotor 
assembly  was  to  significantly  increase  critical  speed  margin  and  to  increase  the 
front  bearing  radial  load  capacity  to  ensure  continuous  operation  at  design  speeds 
and  above.  The  redesigned  test  hardware,  sh**^  in  Figure  is,  features  tandem 
ball  and  roller  bearings,  a  carbon  face  seal  *  .rent  of  the  impeller,  and  a 
CCUVtC'8  coupling  to  join  the  impeller  and  t>ive  turbine. 
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Rotfoiigud  10:1  Pressure  Ratio  Centrifugal  Compressor  and  PfcV.'A™  Drive  Turbine. 


Placing  two  bearings  and  a  carbon  seal  in  front  of  the  impeller  required  the  flow 
path  to  be  changed  from  a  parallel  flow  inlet  to  a  converging  eonfign ratio,  to  pro¬ 
vide  the  additional  space  needed  for  the  bearing  compartment  and  sos),  support. 
Tite  increased  supply  of  oil  needed  for  lubricating  the  two  bearings  t;nd  cooling 
the  carbon  seal  plate,  and  additional  scavenge  and  breather  requirements  could 
not  be  accommodated  in  the  four  original  inlet  struts.  Two  Jitionnl  struts  were 
incorporated  for  a  total  of  six  equally  spaced  struts.  By  tenn  luating  the  flow  path 
convergence  at  the  inlet  guide  vanes,  it  was  possible  to  use  the  same  20  inlet 
guide  vanes  that  were  used  in  the  original  inlet. 

Inducer 

In  the  redesign  of  the  rotor  assembly,  the  attachment  of  the  inducer  was  changed 
to  eliminate  the  spline.  Fraction  was  used  to  drive  the  inducer  and  was  trans¬ 
mitted  bv  the  tielvO*  r,«{j  the  radial  Inducer-impeller  interface.  The  axial  tiebolt 
load  at  room  temperature  was  1*,  500  lb,  A  stress  analysis  of  the  redesigned 
Inducer  disk  indicated  maximum  effective  stress  to  be  96, 900  psi.  This  was 
equivalent  to  a  burst  margin  of  49^,  which,  although  less  than  the  original  design, 
was  still  more  than  adequate.  The  itulueer  remote  spacing  was  maintained. 

Impeller 


The  attachment  of  the  impeller  to  the  drive  turbine  was  redesigned  to  use  a 
CUliVlC  coupling  for  maintaining  rotor  assembly  concentricity  and  transmitting 
the  torque  from  the  drive  turbine.  The  redesigned  rotor  assembly  is  shown  in 
Figure  16.  The  forward  end  of  the  original  drive  turbine  was  modified  for  a 
dll  VIC  coupling.  A  CUR  VIC  spacer  was  used  to  separate  the  turbine  and  im¬ 
peller.  The  use  of  a  tiebolt  to  hold  the  rotor  assembly  together  required  changing 
the  original  impeller  bore  geometry.  A  stress  analysis  showed  the  redesigned 
impeller  maximum  bore  stresses  to  be  120,960  psi,  which  was  nearly  the  same 
as  the  original  impeller  design  and  provided  ait  adequate  burst  margin  of  41%. 


Figure  16,  Redesigned  Rotor  Assembly. 
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Searings  and  Seals 

A  dual  front-bearing  configuration  was  selected  to  provide  a  substantial  increase 
in  radial  load  capacity  over  the  original  design.  This  dual  arrangement  located 
a  "floating"  ball  thrust  bearing  adjacent  to  a  roller  bearing,  which  allowed  the 
roller  bearing  to  carry  all  the  radial  load  and  the  ball  bearing  all  the  thrust  load. 
The  rear  bearing  compartment  (turbine  end)  was  the  same  as  the  original  design. 

Both  the  front  and  rear  bearings  were  the  same  as  the  original  designs  and  were 
soft  mounted  on  oil-film-damped  supports,  with  lubrication  provided  through  the 
inner  races  as  before. 

A  vibration  analysis  of  the  redesigned  rotor  assembly  predicted  substantially 
lower  bearing  unbalance  loads  at  design  speed  compared  to  the  loads  predicted 
for  the  initial  design,  as  shown  in  Figures  17  and  18  for  the  front  and  rear  bear¬ 
ings,  respectively. 

A  carbon  face  seal  was  incorporated  in  the  redesigned  inlet  case  to  eliminate  air 
and  oil  leakage  to  and  from  the  forward  bearing  compartment  and  inlet  flow  path. 
The  seal  nosepiece  was  graphitic  carbon,  and  the  seal  runner  was  AMS  6322  alloy 
steel,  with  a  flame-sprayed  coating  of  chrome-carbide  to  improve  wear  charac¬ 
teristics,  The  seal  runner  was  cooled  by  flowing  oil  through  small  radial  holes. 
Secondary  sealing  was  accomplished  by  a  bellows,  which  was  damped  at  the  OD 
to  reduce  bellows  fatigue  problems.  The  face  seal  cross  section  is  shown  in 
Figure  19. 


Figure  17.  Redesigned  Rotor  Assembly  Predicted  Front  Bearing  Load  vs  Speed. 
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Figure  18.  Redesigned  Rotor  Assembly  Predicted  Roar  Bearing  Load  vs  Speed. 
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Figure  19.  From  Bearing  Compartment  Carbon  Face  Seal. 

Although  the  seal  rubbing  speeds  (520  to  530  ft /see)  were  higher  than  current 
engine  experience,  seal  requirements  in  terms  of  differential  pressure  (less  than 
10  psi)  and  temperature  (230' F)  were  relatively  modest.  A  seal  pressure  balance 
was  selected  to  reduce  the  contribution  of  pressure-area  forces  on  the  seal  face 
to  minimise  the  wear  rate. 

The  dual  ball  and  roller  bearing  arrangement  and  the  carton  face  seal  performed 
satisfactorily  in  subsequent  tests  in  the  compressor  rig,  and  provided  new  ex¬ 
perience  with  high-speed  bearing  and  seal  designs  of  this  type. 


TEST  EQUIPMENT 


COMPRESSOR  TEST  RIG 


The  major  nonrotating  components  of  the  compressor  test  rig  are  shown  in  Fig¬ 
ure  20.  They  consist  of  the  bellmouth  inlet,  inlet  case,  inlet  guide  vanes,  inducer 
shroud,  impeller  shroud,  diffuser,  and  diffuser  collector.  Prior  to  assembling 
the  impeller  in  the  cases,  it  was  first  spin  tested  with  the  tooling  shown  in  Fig¬ 
ure  21  to  73,000  rpm  (1129c  of  design  speed)  to  veidfy  its  mechanical  integrity. 

Installation  of  the  impeller  into  the  diffuser  in  its  original  spline-drive  configura¬ 
tion  is  shown  in  Figure  22.  When  the  impeller  attachment  geometry  was  changed 
from  the  original  spUne-drive  configuration  to  a  CURVIC  coupling,  the  Impeller 
and  drive  turbine  became  an  integral  rotor  assembly.  The  components  used  to 
build  up  the  redesigned  rotor  assembly  are  shown  in  Figure  23.  The  inducer,  im¬ 
peller,  spacer,  and  turbine  wore  held  together  with  a  tiebolt.  A  "'A"  brace  was 
used  in  the  assembly  to  support  the  middle  of  the  tiebolt  and  increase  its  critical 
speed  to  woll  beyond  the  design  operating  range. 

During  the  assombly  of  the  compressor  rig,  particular  attention  was  given  to 
balancing  operations.  Rotor  components  such  as  the  inducer,  impeller,  and  tur¬ 
bine  were  individually  balanced  by  material  removal.  Then  the  rotor  was  assem¬ 
bled  out  of  the  eases,  concentricities  wove  checked  for  less  than  0, 001-in.  runout, 
and  the  assembly  was  balanced  to  less  than  0. 0003-oz-in.  unbalance,  again  by 
material  removal  from  the  impeller  and  turbine.  This  method  put  an  unha  lance  In 
tho  impeller  and  turbine  as  components;  however,  the  correction  plane  was  near  the 
true  plane  of  unbalance,  since  these  two  components  were  the  heaviest  in  the  rotor 
assembly.  Final  balance  of  the  rotor  assembly  in  the  compressor  and  turbine 
cases  was  accomplished  within  0.0012  oz-in.  unbalance  with  rivets  and  pins  on 
each  end  of  the  rotor  assembly. 

The  assembled  and  fully  instrumented  compressor  rig  and  drive  turbine  are 
shown  in  Figure  24.  The  compressor  rig  and  drive  turbine  were  installed  in  a 
combination  shipping  and  mount  stand  for  ease  of  installation  in  the  test  stand. 

TEST  FACILITIES 


A  schematic  of  the  B-2  test  stand  high-speed  compressor  test  facility  is  shown  in 
Figure  25.  The  drive  turbine  was  powered  by  compressor  bleed  air  from  a 
P&WA™  J-75  slave  engine.  Drive  turbine  supply  air  was  controlled  by  two 
pneumatic  valves,  one  of  which  was  used  as  vernier  central.  Since  the  drive  tur¬ 
bine  was  a  radial  inflow-type  and  particles  in  the  supply  air  tend  to  erode  the 
blade  tips,  a  particle  separator  was  installed  downstream  of  the  drive  turbine  con¬ 
trol  valves.  The  design  of  the  pariiele  separator  (Figure  26)  was  a  derivative  of 
the  semi-reverse  flow  separator,  designed  and  tested  under  Amy  Con¬ 
tract  DAA  J02-76-C-0003.  The  separator  center  body  was  free  to  move  and  act  as 
an  emergency  shutdown  valve.  Safety  systems  built  into  the  test  facilities  included 
a  rapid  shutdown  and  an  abort  system.  These  systems  operated  automatically  when 
preset  conditions  were  encountered.  Table  in  summarizes  the  initiating  actions 
requited  to  activate  the  safety  controls  and  the  actions  taken. 
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I-’iguro  20.  Compressor  Tost  Hig  Nonrotating  Components. 


Figure  2i.  Impeller  Spin  Tooling 
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Figure  26.  Particle  Separator  With  Integral  Fast- Acting  Shutoff  Valve. 


TABLE  III.  Ti 

'ST  FACILITY  SAFETY  SYSTEMS 

Rapid  Shutdown  System 

Initiating  Action 

l. 

Low  thrust  balance  pressure 

2. 

Loss  of  control  room  A/C  power 

Results 

1. 

Turbine  inlet  control  valves  closed 

2. 

Compressor  discharge  valve 
opened 

3. 

Slave  engine  throttled  to  idle 

Rig  Abort  System 

Initiating  Action 

1. 

Low  lubricating  oil  supply  pressure 

2. 

Rotor  overspeed 

3. 

Manual  abort  by  test  engineer 

Results 

1. 

Esplasive-aetuated  turbine  inlet 
valve  closed 

«•* 

If  manual  abort,  turbine  inlet  maoi" 
fold  vented  to  ambient 

3. 

Turbine  inlet  control  valves  closed 

4. 

Compressor  discharge  valve  opened 

5. 

Slave  engine  throttled  to  idle 

The  installation  of  the  compressor  rig  in  the  test  facility  is  shown  in  Figure  27, 
The  compressor  inlet  duct  contains  a  sharp-edged  flow  measuring  orifice,  control 
valve,  flow  straightening  tubes,  and  a  plenum  chamber.  An  inflatable  rubber  seal 
sealed  the  plenum  to  the  compressor  bellmouth.  The  control  valve  in  the  com¬ 
pressor  inlet  duct  remained  in  a  full-open  position  during  all  testing. 


Figure  27.  Compressor  Kig  Installed  in  B-2  Test  Facility, 

The  compressor  exhausted  to  atmosphere  from  the  diffuser  ■  ulleetor  through  two 
back-pressure  001111*0!  valves,  one  of  which  also  acted  as  a  ■  -tier  control,  by 
controlling  the  compressor  discharge  back  pressure,  it  was  possible  to  operate 
the  compressor  along  a  speedline  with  transients  into  and  at  of  stall.  A  surge 
relief  system  was  designed  and  used  to  detect  the  onset  of  surge.  The  system 
used  a  high-frequency  response  pressure  sensing  transducer  in  the  diffuser  col¬ 
lector.  A  control  module  allowed  the  selection  of  a  rate  of  change  of  pressure 
that  would  actuate  the  system.  If  a  higher  rate  of  change  of  pressure  was  sensed, 
a  fast-operating  valve  in  the  compressor  discharge  duct  was  opened.  This  re¬ 
duced  the  compressor  back  pressure,  thereby  automatically  allowing  the  compres¬ 
sor  to  move  away  from  a  surge  condition. 

A  differential  pressure  control  system  was  used  between  the  impeller  hub  side 
haekfaee  and  a  buffer  seal  dam  compartment  (Figure  15).  Alt  performance  data 
were  taken  with  this  delta  pressure  equal  to  zero  to  prevent  flow  out  of  or  into  the 
flow  pa.h  at  the  impeller  exit-diffuser  entrance,  'tills  pressure  differeuMnt  4out 
however,  be  adjusted  to  either  side  of  the  zero  delta  pressure  point,  if  desired. 

The  required  thrust  load  on  the  ball  bearing  was  maintained  bv  supplying  gaseous 
nitrogen  to  the  impeller  thrust  balance  cavity  (Figure  15)  through  an  automatic 
control  valve.  Ttds  valve  was  adjustable  to  any  set  point  .ud  was  changed  while  the 
rig  was  in  uperatioa. 


INSTRUMENTATION 


Instrumentation  was  provided  to  establish  stage  overall  performance,  stage  com¬ 
ponent  performance,  and  monitor  rig  operation.  The  instrumentation  used  to  take 
these  data  and  the  instrumentation  locations  are  described  in  this  section.  Major 
instrumentation  stations  for  the  test  compressor  are  defined  in  Table  IV,  and  the 
axial  and  radial  locations  of  these  stations  are  shown  in  Figure  28. 


TABLE  IV.  COMPRESSOR  INSTRUMENTATION  STATIONS 

00  - 

Compressor  Inlet-Plenum 

0  - 

Compressor  Inlet-Bcllmouth  Throat 

1.0  - 

Inlet  Guide  Vane  Exit 

1.5  - 

Inducer  Exit 

2.0  - 

Impeller  Exit 

3. 0  - 

Diffuser  Exit 

3.5  - 

Compressor  Discharge  Collector  Manifold 

Figure  28.  Compressor  Instrumentation  Station  Locations. 
Ove rail  Pe rtomanee  Instrumentation 


Instrumentation  was  provided  to  obtain  inlet  flew  rate,  impeller  speed,  compressor 
inlet  conditions  (Station  00),  and  compressor  discharge  conditions  (Stations  3.0 
and  3. 5),  These  data  were  combined  to  define  overall  performance  in  terns  of 
teta!-pressure-ta-tetal-pressure  conditions  (Stations  00  to  3. 6)  and  total-pressure- 
to-static-pressure  conditions  (Stations  00  to  3.5). 


Compressor  inlet  flow  rate  was  calculated  from  data  obtained  from  a  5. 270-in.  - 
dinmeter  thin  plate  orifice  installed  upstream  of  the  inlet  plenum  in  a  12. 5-in.- 
diametcr  inlet  duct,  as  shown  in  Figure  29.  The  orifice  was  installed  in  accord* 
ante  with  ASME  standards.  Orifice  upstream  static  pressure  was  measured  by 
means  of  three  static  pressure  taps,  each  sensed  by  a  0-  to  15-psia  transducer. 
Three  orifice  differential  static  pressures  were  each  sensed  by  a  S-psid  trans¬ 
ducer.  The  icntpvt  atutc  of  the  orifice  flew  was  moawtred  in  the  ini**  plenum. 


UPSTREAM  STATIC 
PRESSURE  TAP  LOCATIONS 


Figure  29.  inlet  Orifice  Installation. 

Compressor  inlet  total  pressure  was  measured  with  three  Kiel-type  total  pressure 
probes,  located  in  the  inlet  plenum.  The  probes  were  each  sensed  with  a  0-  to 
15-psia  transducer.  Compressor  inlet  total  temperature  was  measured  with  a 
Kosemount  resistance  thermometer  in  the  inlet  plenum.  Redundant  inlet  tem¬ 
perature  measurements  were  obtained  with  three  half-shielded  copper-eonstantan 
(C/C)  thermocouples,  also  located  in  the  inlet  plenum.  Beginning  with  Build  No.  5 
of  the  compressor,  the  C/C  thermocouples  were  deleted  and  four  additional  Rose- 
mount  resistance  thermometers  were  installed  at  various  radial  positions  in  the 
inlet  plenum  to  accurately  measure  any  radial  variation  in  temperature. 

Diffuser  exit  total  pressure  was  measured  by  means  of  three  total  pressure  rakes, 
each  consisting  of  three  elements,  as  shown  in  Figure  3b.  Each  element  was 
sensed  by  a  pressure-scanning  system  using  a  0-  to  159-psia  transducer.  Fhe 
rakes  were  installed  at  the  exit  of  the  diffuser  tubes,  shown  in  Figure  31,  The 
locations  of  the  nine  total  pressure  probes  superimposed  onto  one  diffuser  tube 
are  shown  in  Figure  32.  It  was  noted  that  the  center  probe  of  each  rake  was  in  the 
same  relative  position  in  each  tube  to  provide  redundant  measurements  at  this 
point.  Also  shown  in  Figure  32  are  the  seven  equal  areas  that  were  assigned  to 
the  total  pressures  measured  by  the  rakes  for  mass-averaging  purposes. 
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Compressor  exit  static  pressure  was  measured  by  means  of  eight  static  pressure 
taps  in  the  collector,  each  connected  to  a  pressure-scanning  system  using  a  0-  to 
150-psia  transducer.  The  taps  were  located  on  the  shroud-side  wall  so  that 
neither  diffuser  discharge  velocity  nor  the  collector  struts  interfered  with  the 
measurements.  The  design  and  location  of  these  taps  are  shown  in  Figure  33. 
Compressor  exit  total  temperature  was  measured  with  four  chromel-alumel  (C/A) 
shielded  thermocouples  in  the  exhaust  collector.  The  thermocouple  probes  were 
axially  located  midway  between  the  collector  manifold  walls  and  circumferentially 
located  as  shown  in  Figure  33.  To  increase  the  accuracy  of  the  temperature 
measurement,  the  thermocouples  were  constructed  from  a  single  batch  of  cali¬ 
brated  specml-limits-of-error  wire.  This  wire  was  continuous  from  the  thermo¬ 
couple  junction  to  the  reference  junction  to  eliminate  errors  caused  by  connectors 
and  by  the  lower  quality  wire  normally  used  between  the  connector  and  the  refer¬ 
ence  junction.  A  thermocouple  was  attached  to  the  shroud-side  wall  of  the  col¬ 
lector  manifold  to  aid  in  estimation  of  potential  radiation  errors  on  the  collector 
thermocouple  measurements. 

Component  Performance  Instrumentation 


Instrumentation  was  provided  to  evaluate  the  component  performance;  namely, 
the  inlet  guide  vane,  inducer,  impeller,  and  diffuser.  The  component  perform¬ 
ance  instrumentation  is  described  below  and  is  also  summarized  in  Table  V, 

Instrumentation  was  provided  downstream  of  the  inlet  guide  vane  to  measure  wall 
static  pressures  and  radial  distributions  of  total  pressure  and  air  angle  (and  in 
Build  No.  6,  total  temperature).  Similar  instrumentation  downstream  of  the  in¬ 
ducer  was  used  to  describe  its  performance,  with  the  exception  that  total  tempera¬ 
ture  wa3  also  measured  at  the  exit  of  the  inducer.  The  axial  and  circumferential 
locations  of  the  inlet  guide  vane  and  inducer  instrumentation  are  shown  in  Fig¬ 
ure  34. 

Static  pressure  at  the  leading  and  trailing  edges  of  the  inlet  guide  vanes  was  mea¬ 
sured  by  one  shroud  wall  static  pressure  tap  at  the  leading-edge  and  single  hub 
and  shroud  wall  static  taps  at  the  trailing-edge  plane  to  define  the  static  pressure 
along  the  flow  path.  All  three  static  pressure  taps  had  to  be  deleted  in  the  revised 
inlet  case,  Builds  No.  4  through  No.  6.  Inlet  guide  vane  exit  (Station  1.0)  wall 
static  pressure  data  were  obtained  by  four  wall  taps  equally  spaced  about  the  cir¬ 
cumference  on  both  the  hub  and  shroud  walls.  Builds  No,  4  through  No,  6  did  not 
contain  the  hub  wall  taps  as  the  revised  inlet  case  prevented  their  installation. 

The  hub  wall  taps  were  located  approximately  on  design  midchannel  streamlines. 

It  should  be  noted  that  the  shroud  wall  taps  were  located  on  a  circumferential 
traverse  ring. 

Static  pressure  at  the  leading- and  trailing-edge  planes  of  the  inducer  was  obtained 
by  single  hub  and  shroud  wall  taps  at  the  leading-edge  plane  and  a  shroud  wall  tap 
at  the  trailing-edge  plane.  Additionally,  four  static  pressure  taps  equally  spaced 
about  the  circumference  on  the  shroud  wall  were  installed  at  the  inducer  exit 
traverse  station  (Station  1.5). 
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TABLE  V.  COMPRESSOR  COMPONENT  PERFORMANCE 
INSTRUMENTATION  SUMMARY 


Location 

Flow 

Variable 

Instrument  Type 

Quantity 

Station  0 

P 

Wall  Tap 

4 

Inlet  Guide  Vane 

P 

Shroud  Wall  Tap 

2^) 

P 

Hub  Wall  Tap 

Chord  Anglo  Indicator 

l(!) 

1 

Station  1 

P 

Shroud  Wall  Tap 

4 

P 

Hub  Wall  Tap 

4<1) 

Pt.T 

Circumferential  and  Radial 
Traversing  Cobra  Probe 

1  (2) 

Inducer 

P 

Hub  Wall  Tap 

1(1) 

P 

Shroud  Wall  Tap 

2 

Station  1. 5 

P 

Shroud  Wall  Tap 

4 

Pt,T 

Radial  Traversing  Cobra 

Probe  with  Thermocouple 

1 

Impeller  Shroud 

P 

Wall  Tap 

14 

Impeller  Tip 
Shroud  Side 

P 

Communicating  Groovo 

4 

Impeller  Tip 
Backfaco 

P 

Tube 

2 

Station  2 

P 

Shroud  Wall  Tap 

4 

P 

Hub  Wail  Tap 

4 

pt 

Axial  Traversing  Cobra  Probe 

1 

T 

Axial  Traversing  Thermocouple 

1 

Diffuser 

P 

Shroud  Wall  Tap 

32 

P 

Hub  Wall  Tap 

8 

'^Deleted  from  Build  No.  6  due  to  relocation  of  front  bearing  comparer  ?nt. 
(2)No  Tt  for  Build  No.  3. 


IMPELLER 


8-11| 
COBRA 
PROBE 


•INDUCER 


lii&_ 


2t*g. 


1 

2.S 

133 

2-3 

3.2 

210 

4-7 

3.SS 

90  dtg  APART  FROM 
47  dtg 

8-11 

3.55 

90  dtg  APART  FROM 
18  dtg  FROM  COBR 

COBRA 

3.55 

330  TO  15 

12 

3.7 

30 

13 

TIP 

INOUCER  INLET  -  0.05 

135 

14 

INDUCER  EXIT  +0.05 

150 

16-18 

4.701 

90  APART  FROM  15 

COBRA 

4.701 

295 

0  MEASURED  CLOCKWISE  FROM  TOP  DEAD  CENTER  -  LOOKING  FORWARD 
PROBES  1-13  ORIENTED  CIRCUMFERENTIALLY  AT  NOMINAL 
(10  dtg  TURNING)  IGV  MIDCHANNEL. 


Figuro  34.  Axial  Locations  of  Inlet  and  Inducer  Instrumentation. 

Radial  distributions  of  total  pressure  and  air  angle  (and  total  temperature  in 
Build  No.  6)  at  Station  1.0  were  measured  by  means  of  a  cobra  probe  that  was 
traversed  in  both  the  radial  and  circumferential  directions.  The  cobra  probe 
was  traversed  circumferentially  at  five  radial  locations  corresponding  to  10,  30, 
50,  70,  and  90*#  spans.  At  each  spanwise  location,  the  probe  was  traversed 
through  a  45-dog  arc,  which  permitted  measurement  of  total  pressure  and  air 
angle  data  behind  two  inlet  guide  vanes  and  one  inlet  strut  in  the  Build  No,  1 
through  No.  3  configuration.  In  the  redesigned  inlet  configuration,  the  probe  was 
rotated  through  an  arc  of  52  deg.  The  cobra  probe  used  was  constructed  of 
0. 020-in.-OD  tubing  and  is  shown  in  Figure  35.  The  Build  No.  3,  Station  1.0 
cobra  probe  was  not  constructed  with  a  thermocouple.  Radial  distributions  of 
total  pressure,  total  temperature,  and  air  angle  at  the  inducer  exit  (Station  1.5) 
were  obtained  by  means  of  a  radially  traversing  cobra  probe. 

Impeller  instrumentation  was  provided  to  measure  wall  static  pressures  along  the 
impeller  shroud,  impeller  tip  static  pressure  on  both  the  shroud  side  and  the  hub 
side,  total  pressure  and  air  angle  distributions  across  the  flow  path  at  the  impel¬ 
ler  exit,  and  total  temperature  distribution  aeross  the  flow  path  at  the  impeller 
exit.  The  locations  of  the  0. 040-in. -diameter  wall  static  pressure  taps  along  the 
impeller  shroud  are  shown  in  Figure  36.  The  positions  of  these  taps  were 
selected  so  that  the  data  obtained  from  them  would  define  the  static  pressure  dis¬ 
tribution  at  the  impeller  entrance,  the  splitter  regions,  areas  of  possible  flow 
separation,  and  areas  of  possible  flow  distortion  due  to  influence  of  the  diffuser 
passages.  The  circumferential  relationship  of  taps  were  superimposed  onto  on© 
diffuser  tube  inlet. 
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’  THERMOCOUPLE 


•INLET  GUIDE  VANE  EXIT  (STATION  1.0)  AND 
INDUCER  EXIT  (STATION  1.S)  COBRA  PROBE 


SIXTEENTHS  1 


Figure  35.  Construction  of  Travorso  Cobra  Probes. 


SHROUD 


NO.  2,  In.  R,  In. 

1  0.0  2.4505 

2  0.1S22  2.4505 

3  0.3613  2.4513 

4  0.4163  2  4523 

5  0.8812  2.5258 

6  0.9721  2.5338 

7  1.0837  2.6061 
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Figure  36.  Location  of  Impeller  Shroud  Static  Pressure  Taps. 
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Impeller  tip  static  pressure  on  the  shroud  side  was  obtained  from  measurements 
of  Uie  pressure  in  a  circumferential  passage  that  is  connected  with  the  flow  path 
by  a  0.015-in. -wide  circumferential  groove  between  the  impeller  shroud  and  the 
diffuser.  Pressure  was  measured  through  four  ports  that  were  equally  spaced 
around  the  circumference.  This  circumferential  groove  scheme  is  shown  in 
Figure  37.  Impeller  tip  backface  pressure  was  measured  by  means  of  two 
0.002-in. -diameter  tubes  installed  180  deg  apart  in  the  impeller  tip  backface 
cavity.  Beginning  with  Build  No.  5,  one  ehromel-alumel  thermocouple  was 
located  in  the  backface  cavity  to  measure  temperature. 


Figure  37.  Impeller  Tip  Static  Pressure  Passage. 

Impeller  exit  air  angle  and  total  pressure  were  measured  at  an  impeller  exit 
radius  ratio  of  1,05  by  means  of  a  cobra  probe  that  was  traversed  across  the  im¬ 
peller  e;.it  flow  path  in  the  plane  of  the  rig  centerline.  The  probe  was  Installed 
as  shown  in  Figure  38;  the  cobra  probe  is  shown  in  Figure  35. 

Total  temperature  across  the  flow  path  at  the  impeller  exit  was  measured  with  the 
temperature  probe  shown  in  Figure  39.  This  probe  was  designed  with  an  aspi¬ 
rated  head  to  maximize  the  temperature  recovery,  and  sheathed  wire  was  used  to 
minimize  the  conduction  error.  The  temperature  probe  was  installed  in  the  same 
loeatiou  as  the  cobra  probe.  • 
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Figure  39.  Impeller  Exit  Total  Temperature  Probe  Construction 


The  diffuser  Instrumentation  consisted  of  48  wall  static  pressure  taps.  The 
locations  of  the  diffuser  wall  static  pressure  taps  are  shown  in  Figure  40.  This 
figure  also  shows  the  location  of  the  impeller  exit  cobra  probe.  Figure  40  shows 
that  composite  static  pressure  data  were  obtained  in  the  vaneless  space,  diffuser 
throat,  and  along  the  diffuser  length.  The  construction  of  the  static  pressure  taps 
is  also  shown  in  this  figure;  the  0.020-in. -diameter  taps  were  made  by  the  electri¬ 
cal  discharge  machining  process  to  eliminate  drilling  burrs  and  to  ensure  sharp 
edges  at  the  intersection  of  the  pressure  port  and  the  diffuser  passage. 

Special  Instrumentation 

Total  pressure  In  the  plenum,  static  pressure  in  the  inlet  bellmouth,  total  pres¬ 
sure  in  the  diffuser  exit,  and  static  pressure  in  the  collector  manifold  were  mea¬ 
sured  with  closc-coupled  transducers  to  achieve  the  fast  response  required  to 
define  overall  performance  during  compressor  stall.  The  transducers  used  had 
a  frequency  response  of  up  to  100  Hz,  and  the  data  recording  system  could  record 
each  transducer  at  a  maximum  of  05  scans /sec.  Thoso  response  characteristics 
permitted  good  definition  of  stall  characteristics. 

High-frequency  Instrumentation,  capable  of  response  between  200  and  100,000  Hz, 
was  installed  in  the  compressor  rig  in  the  following  locations: 

1.  Total  pressure  probe  at  Station  2  travorsing  location 

2.  Two  static  pressure  probes  on  the  Station  2  shroud  walls 

3.  One  static  pressure  probe  at  the  diffuser  exit. 


Exact  radial  and  circumferential  locations  in  the  diffuser  are  shown  in  Table  VI, 


TABLE  VI.  HKUt- 

■FREQUENCY  RESPONSE  PROBE  LOCATIONS 

Probe 

Circumferential  Location 
(CCVV  From  TDC) 

Radial  Location,  in. 

Total  Pressure 

66  deg  5  min 

3.09 

Vaneless  Space  Static 

29  deg  30  min 

3,69 

Vaneless  Space  Static 

313  deg 

3,69 

Diffuser  Exit  Static 

IS  deg 

The  total  pressure  probe  that  was  inserted  in  the  Station  2  traversing  mechanism 
was  a  Hush  diaphragm  Kultte  NCELW-200A;  the  three  static  probes  were  Kulite 
CEE-135- 2Q0A  probes.  These  sensors  were  mounted  in  probe  housings,  as  shown 
in  Figure  41.  The  probes  were  temperature  compensated  to  45QaF  and  had  a 
maximum  operating  temperature  of  323JF  (which  corresponds  to  an  exit  temper¬ 
ature  reached  at  less  than  SO6!  of  design  speed). 
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STATIC  PRESSURE 
PROBE 


Figure  41.  High-Frequency  Response  Kulitos. 

Data  Readout  and  Recording  Systems 

The  primary  data  recording  system  was  an  automatic  digital  magnetic  tape  re¬ 
corder.  This  system  recorded  all  compressor  rig  data  except  that  from  the  high- 
frequency  response  transducers.  The  high-frequency  data  were  recorded  on 
analog  magnetic  tape. 

Information  needed  for  safe  operation  of  the  rig  and  for  setting  data  points  was 
displayed  in  the  control  room.  Control  room  data  readouts  included  rotor  speed, 
rig  vibration  levels,  bearing  temperatures,  oil  pressures,  inlet  orifice  differential 
pressure,  thrust  balance  pressure,  rig  inlet  pressure,  and  rig  discharge  pres¬ 
sure.  Impeller  rotational  speed  was  obtained  from  two  electromagnetic  piefcups 
mounted  adjacent  to  a  6-tooth  gear  on  the  rear  of  the  drive  turbine  rotor  shaft. 

When  cobra  probe  data  were  obtained,  the  total  pressure  measured  by  the  cobra 
probe  was  displayed  on  X-Y  plotters,  located  adjacent  to  the  traverse  actuator 
controls.  This  allowed  changing  the  speed,  or,  if  necessary,  stopping  the  cobra 
probe  actuator  to  allow  the  probe  to  respoud  to  changes  in  the  air  flow  angle. 
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TEST  PROCEDURES 
Shakedown  Test 

Prior  to  the  initiation  of  any  performance  testing,  each  build  of  the  compressor 
test  rig  was  subjected  to  a  prerun  (nonrotatlng)  checkout  of  all  rig  systems  and 
then  a  shakedown  test.  The  objectives  of  this  checkout  and  shakedown  test  were 
to  (1)  verify  the  mechanical  integrity  of  the  test  rig  and  (2)  check  the  instrumenta¬ 
tion  and  the  data  acquisition  system.  Any  difficulties  encountered  during  the 
shakedown  teat,  such  as  test  equipment  or  Instrumentation  malfunction,  were 
subsequently  corrected  prior  to  the  initiation  ot  the  performance  tests. 

During  the  shakedown  test,  rig  vibrations  and  bearing  temperatures  were  moni¬ 
tored  over  the  entire  range  of  rig  operation.  Areas  of  high  vibration  and  high 
temperatures  were  noted,  and  prolonged  running  in  these  areas  during  the  per¬ 
formance  tests  was  then  avoided,  A  maximum  allowable  limit  of  160  g’s  was 
set  for  extended  life  of  the  bearings;  however,  220  g’s  were  recorded  during  the 
HuiUI  No.  3  shakedown  test.  The  extensive  redesign  of  the  rig  bearing  system 
reduced  these  vibrations  to  well  within  the  acceptable  level.  Build  No.  r.  vibra¬ 
tion  levels  are  plotted  as  a  function  of  speed  in  Figure  42.  Vibration  data  were 
recorded  continuously  during  the  main  portion  of  the  test  program  on  analog  mag¬ 
netic  tape,  too. 

The  thrust  balance  system  for  the  test  rig  was  checked  oui  during  each  shakedown 
test,  and  the  thrust  load  on  the  bearings  was  ealuelated  at  several  speed  conditions. 
Adjustments  were  made  to  the  automatic  surge  relief  system,  as  necessary,  so 
that  it  responded  to  stall  associated  pressure  fluctuations  and  not  to  the  gradual 
pressure  changes  caused  by  closing  the  throttle  valves  or  random  pressure 
fluctuations. 

The  inducer  radial,  impeller  radial,  and  impeller  axial  shroud  clearances  were 
measured  with  mechanical  rub  probes.  These  clearance  prolies  were  withdrawn 
and  measured  after  a  very  low-speed  rotation  to  obtain  a  cold  clearance  and  then 
were  similarly  examined  after  the  impeller  regional  speed  had  reached  70,  »5, 

95,  and  100*?  of  design  speed.  Figures  43  through  45  show  the  clearance  changes 
measured  during  the  Builds  No.  2,  3,  and  6  shakedown  tests,  respectively, 

Alt  instrumentation  was  cheeked  for  continuity  from  the  test  rig  back  to  the  data 
recording  system.  Just  prior  to  the  start  of  each  run,  all  transducer  and  thermo¬ 
couple  output  voltages  were  calibrated  ever  their  operating  ranges,  and  a  set  of 
ambient  readings  was  recorded  for  all  the  instrumentation  for  comparison  Ye  true 
ambient  conditions.  During  the  shakedown  test,  overall  performance,  component 
performance,  and  transient  data  were  obtained  and  processed  through  the  data 
reduction  system  fa  determine  if  all  the  instrumentation  was  recording  property 
and  to  check  the  data  acquisition  and  the  data  reduction  systems. 
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Figure  42.  Maximum  Front  Bearing  IK  Acceleration,  Build  No.  ft. 
Overall  Performance  Data  Acquisition 

Kadi  speedline  was  defined  by  a  stall  transient  and  by  steady-state  points  at  near- 
stall,  wide-open  discharge,  and  at  several  intermediate  (joints.  5SIy-w-sfall  tran¬ 
sients  were  first  performed  by  recording  data  at  a  cate  of  l  sean-Wec,  white 
closing  the  compressor  discharge  valve  from  its  wide-open  position,  thus  in¬ 
creasing  back  pressure,  until  the  rig  surged.  During  the  transient,  adjustments 
to  the  turbine  inlet  control  valves  were  made  to  hold  the  rotor  rpm  e^mstaat,  A 
near-stall  point  was  then  set,  based  on  the  collector  static  pressure,  and  the  *om- 
pressor  again  operated  into  stall  white  recording  data  at  a  higher  scan  raw.  This 
recording  rate  was  lb  scans  sec  during  Build  No.  3  testing,  and  the  maximum 
recording  rate  of  approximately  &S  scans/see  was  used  durisg  Build  No.  ft  testing. 
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Figure  45.  Shroud  Clearance  Measurements,  Build  No.  6. 

Steady-state  data  points  were  distributed  along  a  speedline,  based  on  the  collector 
static  pressure  range  recorded  during  the  first  slow-stall  transient.  A  steady- 
state  point  consisted  of  cycling  the  pressure  scanning  units  twice  at  a  rate  of  2 
ports/sec,  followed  by  the  recording  of  the  rest  of  the  rig  instrumentation  for 
10  sec  at  a  rate  of  10  scans/sec.  A  detailed  outline  of  all  data  points  taken  is 
shown  in  Table  VII. 

Component  Performance  Data  Acquisition 

Component  performance  data  were  obtained  by  radially  traversing  air  anr'i  , 
total  pressure,  and  total  temperature  probes  behind  the  inducer  and  the  ii.  ■  ‘ler 
and  by  both  radially  and  circumferentially  traversing  behind  the  inlet  guide  vanes. 
The  data  recording  rate  for  all  traverses  was  1  scan/sec.  Total  pressure  vs 
radial  or  circumferential  travel  data  could  be  monitored  in  the  control  room  on 
an  X-Y  plotter  and  the  traverse  rate  governed,  as  required,  to  obtain  good  pro¬ 
file  definition  in  wakes  and  near  the  walls. 
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Inlet  guide  vane  traverse  data  were  obtained  at  near-stall  points  for  all  speedlines 
at  70%  speed  or  greater.  Near-stall  points  were  set  as  outlined  for  steady-state 
points.  The  inlet  guide  vane  exit  probe  was  first  traversea  radially  inwards 
between  inlet  guide  vane  wakes  from  the  shroud  to  the  probe's  maximum  travel 
at  2.0%  span  (from  hub).  The  probe  was  then  retracted  to  the  10%  span  position 
and  circumferentially  traversed  to  include  one  IGV  gap  with  a  strut  wake  and 
one  IGV  gap  without  a  strut  wake.  Circumferential  traverses  were  then  similarly 
performed  at  30,  50,  70,  and  90%  spans  to  complete  the  inlet  guide  vane  survey 
for  that  point. 

Inducer  exit  radial  traverses  were  performed  by  running  the  probe  in  to  its  limit 
and  then  recording  data  while  slowly  retracting  the  probe  back  out  of  the  flow  path. 

Impeller  exit  traverse  data  were  obtained  on  each  speedline  at  the  maximum 
possible  back  pressure  with  the  traverse  probe  in  the  flow  path.  This  point  was 
set  by  decreasing  the  back  pressure  in  small  increments  until  the  probe  could 
be  traversed  across  the  span  without  causing  the  rig  to  surge.  Data  were  then 
recorded  while  slowly  traversing  the  probe  from  the  hub  wall  back  into  the  shroud. 
A  steady-state  point  was  recorded  to  coincide  with  each  impeller  exit  traverse 
point.  At  the  completion  of  impeller  exit  traversing  with  the  air  angle  and  total 
pressure  cobra  probe,  this  probe  was  replaced  with  a  total  temperature  probe, 
and  data  were  obtained  at  the  same  rig  operating  points. 

One  special  test  sequence  involved  performing  stall  transients  with  the  impeller 
exit  cobra  probe,  located  at  approximately  15%  span.  Data  were  recorded  on 
six  speedlines  from  wide-open  discharge  valve  into  stall  at  1  scan/sec  and  from 
near  stall  into  stall  at  65  scans/sec. 

Special  Instrumentation  Data  Acquisition 

High-frequency  response  data  were  obtained  at  70  and  78%.  of  design-corrected 
speed.  Data  were  recorded  on  analog  magnetic  tape  during  a  stall  transient  and 
near-stall  steady-state  point  for  each  speedline.  Transients  and  steady-state 
points  were  set  as  outlined  in  the  overall  performance  data  acquisition  section. 

DATA  REDUCTION  PROCEDURES 


The  reduction  of  data  was  accomplished  in  three  steps:  (1)  reduction  of  overall 
performance  data,  (2)  calculation  of  component  performance  and  velocity  triangles, 
and  (3)  reduction  of  high-frequency  response  and  rig  vibration  data.  The  arith¬ 
metic  mer  A  value  of  data  from  redundant  instrumentation  was  used  for  all  calcu¬ 
lations  except  where  otherwise  noted,  and  all  performance  data  except  orifice  and 
plenum  data  were  corrected  to  standard  day  ‘  iet  conditions  as  follows: 


corrected  pressure  = 


recorded  pressure 
6 


corrected  temperature  = 


recorded  temperature 

e 


Under  this  system,  inlet  temperatures  and  pressures  are  always  standard  day 
conditions  (T0  =  518.688°R,  Pto  =  14,694  psia). 
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Overall  Performance 


The  reduction  of  overall  performance  data  was  accomplished  through  the  use  of  an 
IBM  360-75  computer  program.  A  DRIL  (Data  Reduction  Input  Language)  program 
converts  raw  test  data  into  engineering  units,  ratios,  pressures,  and  tempera¬ 
tures  to  standard  day  inlet  conditions,  averages  data  from  redundant  instrumenta¬ 
tion  and  from  successive  data  recording  cycles,  and  performs  overall  perform¬ 
ance  calculations.  Actual  weigut  flow  was  calculated  from  the  orifice  equation 


wact 


14.675 


1  -  0.302  l~j 


[^11/2 


where 

P  =  upstream  orifice  static  pressure 
AP  =  orifice  differential  static  pressure 
T0  =  plenum  total  temperature 

Both  weight  flow  and  speed  were  corrected  to  standard  day  inlet  conditions  as 
follows: 

yr 

wo-'»r  wact  5 


and 


N 


cor 


N 

sr 


Overall  temperature  ratio,  total-to-static  pressure  ratio,  and  adiabatic  efficiency 
are  given,  respectively,  by 


Tr  =  T3/5I8. 388 
Pr  =  P3/I4.  694 


and 


ideal  (isentropic)  enthalpy  change  _  Ahf(pr) 
actual  enthalpy  change  Ahf(Tr) 


where  Ahf(Pr)  and  Ahf(Tr)  were  determined  by  fourth  degree  curve  fits  of  ohange 
in  enthalpy  vs  pressure  ratio  and  temperature  ratio  data  from  Table  I  (Dry  Air 
Tables)  in  Keenan  and  Kaye  Gas  Tables.  Two  separate  pressure  ratios  and  cor¬ 
responding  efficiencies  were  defined,  depending  on  the  type  of  data  point.  For 
steady-state  points,  the  average  of  s'-  collector  static  pressure  taps  was  used 
for  the  values  of  P3  in  the  pressure  ,  v-  *  *■  equation.  During  stall  transients,  the 
pressure  ratio  was  based  on  the  value  oj.  single  collector  static  pressure  tap 
read  through  a  close-coupled  pressure  transducer.  The  value  of  this  tap  generally 
agreed  to  within  less  than  0.3%  of  the  collector  average  during  steady-state  points. 


Inlet  Guide  Vane  Performance 


Inlet  guide  vane  performance  was  calculated  by  an  inlet  guide  vane  update  routine 
to  the  main  DRIL  program,  which  includes  the  effects  of  the  inlet  struts,  located 
upstream  of  the  guide  vanes.  The  static  pressure  distribution  behind  the  inlet 
guide  vanes  was  assumed  to  be  a  constant  equal  to  the  measured  shroud  static 
pressure  at  each  point,  and  the  temperature  was  assumed  constant  across  the 
vanes. 


Guide  vane  discharge  total  pressure  and  air  angle  traverse  data  were  mass- 
averaged  over  both  one  gap  including  a  strut  wake  and  one  gap  without  any  strut 
effects  at  10,  30,  50,  70,  and  90%  spans.  These  values  were  then  weighted, 
based  on  the  relative  number  of  struts  to  number  of  inlet  guide  vanes,  and  com¬ 
bined  to  give  a  single  mass-averaged  value  at  each  percent  span  as  follows: 


and 


Pt  = 


3P,  +7P, 

ts  tv 

10 


a 


3a  +  7  a 
s _ v 

10 


where:  the  subscripts  s  and  v  pertain  to  gaps  including  a  strut  wake  and  gaps  not 
including  a  strut  wake,  respectively.  A  spanwise  mass-average  total  pressure 
(Pm)  and  mass-average  air  angle  (<*i)  were  then  calculated  from  these  weighted 
values.  The  mass- average  of  any  quantity  (X)  is  given  by 


n 

E  AwX 

E  Aw 

i=i 


where 

Aw-H^Eisina 

/T 

Losses  were  calculated  based  on  the  values  of  Pts,  P^,  and  P^  at  each  percent 
span  and  an  overall  loss  was  calculated,  based  on  the  spanwise  mass-average 
total  pressure.  These  losses  were  all  of  the  form 

14.694  -  Pt 
l0SS  =  14. 694 
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Weight  flow  was  calculated  by  two  separate  methods  for  comparison  with  the 
orifice  flow  calculation.  The  first  method  involved  integrating  the  incremental 
flows,  AWS  and  AWV,  which  were  obtained  during  the  inlet  guide  vane  total  pres¬ 
sure  and  air  angle  circumferential  mass-average  calculations  across  the  blade 
passage.  The  results  of  these  integrations  were  then  weighted  to  reflect  the  rela¬ 
tive  number  of  struts  and  vanes  and  summed  to  yield  an  integrated  flow.  The 
second  flow  calculation  was  based  on  the  IGV  exit  spanwise  mass  average  total 
pressure: 


wcal  = 


KA  (Ptl)  sina1 

VTl 


where 


A  =  cross-sectional  flow  path  area  at  the  IGV  exit 
Tj_  =  518.688,  same  as  inlet 

Based  on  this  calculated  weight  flow,  an  inlet  flow  coefficient  was  determined  as 
follows: 


w 


Cd  ~  w 


cal 


cor 


Inlet  guide  vane  exit  velocity  triangles  were  calculated  by  an  IBM  1180  digital  com¬ 
puter  program,  Centrifugal  Compressor  Data  Reduction  Program  (CCDRP), 

Again,  static  pressure  was  assumed  constant  across  the  span.  The  ratio  of 
specific  heats  (7)  was  determined  from  a  curve  fit  of  7  vs  static  temperature 
(Ts)  data  and  involved  an  iteration  on  the  value  of  Ts  to  satisfy  the  following: 


,  \  7/7-1 

/  1  \ 

\Tsl/ 


The  absolute  Mach  number  (Mo)  was  calculated  at  each  percent  span  by  iterating 
on  the  value  of  Mo  until 


+  ~~  Mo2 


7/7-1 


The  local  speed  of  sound  was  calculated  by 


a  =  (7GRTg) 


1/2 


*- 


* 


4 


* 
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From  Mo,  a,  and  5  the  components  of  the  velocity  triangles  as  defined  below  at 
each  percent  span  were  then  calculated. 


Inducer  incidence  (i)  was  determined  at  each  percent  span  by 

1= 3+-0 

where  0+  is  the  inducer  leading  edge  metal  angle  at  the  corresponding  percent 
span. 

Inducer  Performance 


Total  pressure,  total  temperature,  and  air  angle  data  from  each  inducer  traverse 
were  first  plotted  vs  percent  span  on  a  CALCOMP  plotter.  Up  to  25  points  from 
each  plot  were  then  selected  and  input  into  the  1130  CCDRP  program,  A  constant 
spanwise  static  pressure  distribution  equal  to  the  measured  shroud  static  was 
assumed.  Values  of  7,  Ts,  and  Mo  were  calculated  for  each  point  by  the  same 
iteration  methods  used  in  the  inlet  guide  vane  section.  Total  temperatures  were 
corrected  for  Mach  number  effects  by  dividing  the  recorded  temperatures  by  a 
recovery  factor.  The  recovery  factor  used  in  the  calculations  was  a  linear  approx¬ 
imation  of  the  actual  probe  recovery  factor  vs  Mach  number  calibration  data.  The 
maximum  error  created  by  this  assumption  is  approximately  0. 1%  of  the  temper¬ 
ature  reading. 


Total  pressure  and  total  temperature  were  then  mass-averaged  across  the  span. 
The  sum  of  the  Incremental  weight  flows  from  the  mass-averaging  routine  was 
checked  against  the  corresponds.;  orifice  flow,  and  an  iteration  was  performed 
on  the  air  angle  values  until  the  two  flow  calculations  agreed.  This  air  angle 
check  was  necessary  since  errors  of  1  or  2  deg  in  the  alignment  of  the  air  angle 
travorse  probes  on  the  tost  stand  are  not_uneommon.  Final  mass-averago  total 
pressure  (Pti.s)  and  total  temperature  (Tj  5)  values  were  then  calculated,  based 
on  the  adjusted  air  angle  profile.  Inducer  pressure  ratio  and  temperature  ratio 
were  calculated  as  follows: 


r(3-l.5) 


- 

u.  a 


Tr(l-1. 5) 


518.7 
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Inducer  efficiency  was  calculated  by  the  same  methods  as  the  overall  efficiency. 
Inducer  exit  velocity  triangles  at  10,  30,  50,  70,  and  90%  span  were  determined 
by  the  same  methods  as  in  the  inlet  guide  vane  section. 

Near-stall  traverse  data  at  100%  speed,  10-deg  IGV  setting  and  101%  speed, 
-4-degIGV  setting  were  also  input  into  a  streamline  analysis  computer  program 
to  calculate  the  actual  spanwise  static  pressure  distribution.  This  program 
satisfies  the  equations  of  motion  and  radial  equilibrium  using  input  values  of  total 
press  ire  and  air  angle,  a  description  of  the  flow  path,  and  a  design  blockage  dis¬ 
tribution.  The  blockages  were  adjusted  until  the  measured  shroud  static  pres¬ 
sures  vere  matched.  Linear  approximations  of  the  resulting  static  pressure  dis¬ 
tributions  were  then  input  into  the  IBM  1130  CCDRP  program,  and  new  velocity 
triangles  and  inducer  performance  parameters  were  calculated  for  these  two  points. 

Impeller  Performance 

Impeller  exit  traverse  data  were  reduced  by  nearly  the  same  methods  as  the 
inducer  exit  data.  Static  pressure  was  assumed  to  vary  linearly  between  the 
measured  values  at  the  hub  and  shroud.  Total  temperature  was  input  in  the  form 
of  traverse  data  and  also  as  a  single  value  equal  to  the  collector  total  temperature, 
which  was  assumed  constant  across  the  span. 

Flow  at  the  impeller  exit  was  supersonic  across  much  of  the  span  at  the  higher 
speed  points,  which  would  cause  a  shock  to  form  In  front  of  the  traverse  probe. 

For  data  taken  where  the  local  value  of  Pt/P  was  less  than  1. 893,  the  flow  was 
assumed  subsonic  and  impeller  performance  parameters  and  velocity  triangles 
were  calculated  as  in  the  Inducer  section.  For  values  of  Pt/P  greater  than  1. 893, 
the  flow  was  assumed  supersonic,  and  a  shock  correction  procedure  was  incor¬ 
porated  assuming  a  normal  shock  to  determine  the  upstream  flow  conditions. 

The  mass-average  radial  velocity  (Vm)  and  mass-average  tangential  velocity  (Vu) 
were  calculated,  and  from  these  a  mass-average  air  angle  was  determined; 


The  slip  factor  at  the  instrumentation  statiou  was  calculated  by 

V 

slip  factor  = 

The  slip  factor  at  the  actual  impeller  tip  was  determined  from  the  instrumentation 
station  slip  factor  by  assuming  constant  angular  momentum.  Combined  inducer- 
k.,peiler  performance  was  also  defined  by  an  internal  flow  analysis  involving  a 
solution  of  the  equations  of  continuity  and  momentum.  Input  for  the  analysis  con¬ 
sisted  of  overall  total  pressure  ratio  and  total  temperature  ratio,  rotor  spoed,  mass 
flow,  impeller  exit  static  pressure,  configuration  geometry,  flow  factors  at  the 
leading  edge  of  the  inlet  guide  vanes  and  impeller  exit,  and  a  calculated  temper¬ 
ature  rise  due  to  shroud  friction,  based  on  rotor  speed,  density,  surface  area,  and 
friction  coefficient  for  bladed  disks. 
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Diffuser  Performance 


* 


* 


Diffuser  discharge  coefficient  was  calculated  as 


KA*P  „ 
where  W  ::  - 

A*  =  throat  area 

Pt2  =  maximum  Pt  at  impeller  exit  from  traverse  data 
Throat  blockage  was  then  determined  by: 

B*  »  1  -  Cd* 

Diffuser  static  pressure  recovery  coefficients  were  defined  from  the  Impeller 
exit  to  the  collector  and  from  the  throat  to  the  collector,  respectively,  as  follows: 


Diffuser  effectiveness  was  defined  as 


.  5l_ 

r  * 

cpi 


where  Cpi*  is  the  ideal  pressure  recovery  coefficient  that  would  be  obtained  with 
a  one-dimensional,  isentroplc  flow  through  the  same  diffuser.  For  the  Cpi*  cal¬ 
culation,  a  throat  Mach  number  of  1.0  and  a  >  of  1.4  wore  assumed. 

Diffuser  losses  were  documented  by  the  following: 


Diffuser  loss  Uotal-to-statle)  = 


Pt2  "  P3 


P, 


t2 


Diffuser  loss  (total-to-total)  = 


P  -  P 
_t2_*t3 


t2 
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Diffuser  loss  coefficient 


Dump  loss  = 


where  Pt3  is  the  mass-averjige  total  pressure  at  the  diffuser  exit. 


Diffuser  performance  was  also  obtained  by  separating  from  overall  performance 
the  impeller  exit  conditions  calculated  by  the  internal  flow  analysis,  described 
in  the  impeller  section.  Performance  derived  from  this  analysis  was  compared 
to  that  obtained  from  traverse  data. 


The  Mach  number  profile  at  the  diffuser  exit  was  calculated,  based  on  diffuser 
exit  total  pressure  data  and  collector  static  pressure  and  assuming  a  V  of  1. 4, 

Total  pressure  data  from  different  pipes  was  first  adjusted  to  match  a  single 
average  value  at  the  center  of  each  pipe  to  eliminate  scatter  in  the  absolute  profiles 
of  individual  pipes  for  this  presentation. 

High-Frequency  Response  and  Rig  Vibration  Data 

High-frequency  response  (Kulite)  data  recorded  on  analog  magnetic  tape  was 
processed  using  a  digital  Fourier  analyzer  system  to  determine  the  magnitude 
of  pressure  fluctuations,  blade  wake  definition,  and  rotating  stall  characteristics. 
Resultant  data  plots  included  spectral  plots  (amplitude  vs  frequency),  tracking 
plots  (amplitude  vs  time),  and  various  correlation  plots. 

Rig  vibration  data  recorded  prior  to  the  installation  of  the  digital  Fourier  analyzer 
system  was  processed  in  a  similar  manner,  except  that  a  wave  analyzer  system 
was  used  in  which  the  data  were  not  first  digitized.  Resultant  data  plots  were 
similar  to  those  mentioned  in  preceding  paragraphs. 

VALIDATION  OF  TEST  DATA 


Estimates  of  the  uncertainty  of  the  data  acquired  from  the  compressor  test  rig 
are  presented  in  Table  VIII.  These  estimates  include  both  the  uncertainty  of  the 
sensor  and  of  the  recording  device.  All  uncertainty  calculations,  with  the  exception 
of  those  for  weight  flow  and  efficiency,  are  applicable  to  any  reading.  Weight  flow 
and  efficiency  uncertainty  were  calculated  at  the  design  point.  Uncertainty  of  air 
angle  assumes  no  alignment  error.  Both  bias  and  proeision  errors  (precision 
errors  are  two  standard  deviations  from  the  mean)  were  used  in  the  uncertainty 
analysis:  these  errors  are  also  presented  in  Table  VIII.  When  multiple  probes 
were  available  for  redundant  measurement,  the  precision  error  was  calculated  by 
statistically  averaging  individual  measurements  by  the  root-sum-square  method 
as  illustrated  below. 


u  = 
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where  u  =  overall  uncertainty  of  flow  variable 
e  -  uncertainty  of  individual  sensor 
n  -  number  of  sensors  recording  the  same  flow  variable 

Table  VIII  also  includes  the  effect  of  the  data  uncertainty  on  the  uncertainty  of  the 
overall  efficiency  performance  calculation.  This  performance  uncertainty  esti¬ 
mate  was  calculated  by  differentiating  the  efficiency  equation  and  inputting  the 
uncertainty  values  of  Table  VIII  in  the  resulting  relationship.  The  uncertainty  of 
the  efficiency  value  was  0.55  point  in  efficiency,  which  was  considered  to  be 
satisfactory.  The  uncertainty  of  the  weight  flow  was  calculated  by  combining  the 
total  bins  and  precision  Involved  in  measuring  weight  flow  with  the  inlet  and 
instrumentation  used  for  this  program.  The  total  uncertainty  of  *0.059  Ib/sec  is 
based  on  the  design  flow  of  3. 1  lb/sec. 

At  each  steady-state  point,  approximately  20  scans  of  data  recorded  over  a  2-sec 
interval  wore  averaged.  A  typical  printout  from  a  near-stall,  steady-state  point 
at  1019/  design  speed  and  -4-deg  Inlet  guide  vane  sotting  is  shown  in  Table  IX. 

A  2-sec  average  value,  the  maximum  and  the  minimum  value  recorded,  and 
3  sigma  (three  standard  deviations  from  the  mean)  are  also  listed  for  each  In- 
stiumontation.  Those  provide  a  measure  of  the  actual  scatter  in  the  data  due 
both  to  the  uncertainty  in  measurement  and  to  slight  speed  and  flow  variations 
that  may  have  occurred  while  recording  the  steady-state, 

integrated  flows  calculated  from  traverse  data  at  each  instrumentation  station 
were  checked  for  correspondence  with  the  inlet  orifice  flow  as  is  shown  In  Fig- 
uies  40  tlu ough  48  for  Build  No.  ti.  Calculated  weight  flows,  based  on  mass- 
averaged  values  of  the  total  pressure  and  air  angle,  are  also  included  on  the  inlet 
guide  vane  flow  correspondence  plot  in  Figure  46.  The  approximate  0.40  UWsee 
shitt  iu  the  induce r  exit  integrated  flow  shown  in  figure  47  can  he  attributed  to 
two  factors.  I  he  first  of  these  is  the  eoivdam  spun  wise  static  pressure  distribu¬ 
tion  that  was  assumed  for  the  reduction  of  most  of  the  traverse  data  at  this  in¬ 
strumentation  station.  As  can  be  seen  in  Figure  47,  the  flow  correspondence 
improved  for  the  two  near-stall  points  at  100  and  100  speed,  which  were  reduced 
assuming  a  linear  static  pressure  profile,  which  more  closely  approximated  the 
calculated  static  pressure  distribution  at  that  station.  The  impeller  exit  inte¬ 
grated  flow  shown  in  Figure  48  correlates  well  with  the  orifice  flow  over  most  of 
the  flow  range,  but  falls  off  slightly  at  the  higher  flow  rates.  This  can  be  attrib¬ 
uted  to  larger  differences  between  the  actual  static  pressure  profile  and  the 
assumed  linear  static  pressure  profile  for  these  points. 

Prior  to  the  calculation  of  component  performance  parameters  and  velocity 
triangles,  the  inducer  exit  and  the  impeller  exit  integrated  flows  were  adjusted 
to  match  the  inlet  orifice  flow,  and  thus  satisfy  continuity  requirements.  This 
was  accomplished  by  adding  a  constant  value  so  the  measured  aty  angles  so  that 
the  impeller  exit  airflow  matched  that  measured,  tt  was  felt  that  the  absolute 
value  of  the  air  augte  measurement  was  the  least  accurate  of  the  data  used  in 
the  weight  flow  calculation,  although  the  profile  was  considered  accurate.  How¬ 
ever,  as  pointed  out  earlier,  the  assumed  static  pressure  profiles  at  the  inducer 
exit  and  the  impeller  exit  and  the  assumed  total  temperature  profile  at  the  im¬ 
peller  exit  also  contributed  significantly  to  the  initial  integrated  flow  variations, 
especially  at  the  higher  speed,  higher  pressure  ratio  points. 
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CORRECTED  ORIFICE  FLOW  -  Ibra/scc 


Figure  48.  Impeller  Exit  Integrated  Flow  Correspondence,  Build  No.  6. 

Measured  collector  static  pressure  readirgs  from  all  taps  were  within  the  estimated 
precision  of  ±0.  34  psia  and  generally  read  within  ±0. 1  psia.  The  measured  col¬ 
lector  temperatures  exhibited  an  observed  maximum  deviation  of  ±0.75%  about  the 
average  at  the  same  condition. 

Combined  inlet  guide  vane,  inducer,  and  impeller  performance  obtained  from 
traverse  data  showed  the  same  trends  as  the  performance  generated  by  an  in¬ 
ternal  flow  analysis  as  previously  defined  in  the  Data  Reduction  Section,  although 
the  absolute  performance  levels  from  the  traverse  data  were  higher.  Table  X 
compares  the  performance  obtained  from  traverse  data  and  that  obtained  from  the 
internal  flow  analysis  for  near-stall  points  at  95%,  speed  and  10-deg  inlet  guide 
vane  setting  and  101%  speed  and  0-deg  inlet  guide  -ane.  Also  shown  in  the  table 
are  the  diffuser  losses  obtained  by  subtracting  the  above  inlet  guide  vane,  inducer, 
and  impeller  performance  from  the  overall  perfoxmanee  at  those  points. 
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RESULTS  AND  DISC USSION 


Initial  Performance 


Overall  performance  data  obtained  during  the  Build  No,  2  shakedown  test  indicated 
the  existence  of  a  performance  deficiency,  which  data  analyses  revealed  to  be 
caused  by  an  impeller-diffuser  mismatch.  These  analyses  resulted  in  a  decision 
to  bore  out  the  diffuser  throat  to  provide  a  better  match  for  the  impeller  dis¬ 
charge  conditions. 

The  overall  performance  data  indicated  that,  if  the  compressor  had  operated  at 
design  speed,  the  compressor  would  have  been  down  appreciably  in  efficiency 
(Figure  49)  and  flow  (Figure  50).  The  test  data  were  used  in  conjunction  with 
analytical  computer  programs  to  separate  the  impeller  and  diffuser  performance 
characteristics  to  isolate  the  cause  of  this  degradation  in  performance.  This 
analysis  resulted  in  two  conclusions.  First,  the  diffuser  was  setting  the  maximum 
flow  rate  for  the  compressor,  as  indicated  by  the  diffuser  loss  characteristics 
shown  in  Figure  31.  Vertical  diffuser  loss  characteristics,  such  as  those  in 
Figure  51,  are  commonly  associated  with  a  flow-limited  diffuser.  The  second 
conclusion  was  that,  as  a  result  of  the  reduced  inlet  flow  rate  caused  by  the  choked 
diffuser,  the  impeller  incidence  values  were  higher  than  design,  resulting  in  a 
loss  in  impeller  efficiency. 

Fui'ther  analysis  of  the  diffuser  revealed  that  the  diffuser  was  flow  limited  due  to 
greater  than  anticipated  throat  blockages  at  70,  80,  and  85%  of  design  spoed,  as 
can  be  seen  in  Figure  52.  Extrapolating  the  throat  blockage  data  to  100%  speod 
indicates  the  blockage  will  be  14%  compared  to  the  design  value  of  8%.  By 
assuming  a  14%  blockage  at  100%  design  rotor  speod  and  that  the  impeller  will 
meet  its  design  goals  at  design  flow  rate,  i.e.,  incidence,  it  was  determined  that 
a  diffuser  throat  area  7%  greater  than  the  current  design  was  required.  There¬ 
fore,  it  was  decided  to  bore  out  the  diffuser  throat  by  7%  but  to  retain  the  diffuser 
design  throat  length-to-diameter  ratio  of  0.5  by  also  reboring  the  3-deg  cone. 
Changes  in  diffuser  leading  edge  radius  ratio,  leading  edge  Mach  number,  and 
diffuser  exit  conditions  resulting  from  the  increased  throat  area  wore  considered 
negligible. 

Q VERA  L L  PE R  FOR MA  NC  E 


Overall  performance  data  for  Builds  No.  3  and  6  of  the  compressor  are  presented 
in  this  section.  Build  No.  6  of  the  compressor  was  tested  with  a  damaged  diffuser, 
and  its  performance  was  somewhat  impaired.  An  analytical  representation  of  the 
performance  that  this  stage  would  have  produced  without  this  damage  was  prepared 
using  diffuser  performance  from  Build  No,  3;  it  is  also  presented  in  this  seetion. 

Data  for  Build  No.  3  at  the  design  inlet  guide  vane  getting  of  19  deg  are  presented 
in  Figure  53  and  for  inlet  guide  vane  angles  of  0  and  29  deg  in  Figures  54  and  55. 

At  the  10-deg  design  iOV  setting,  the  flow  rate  was  3,93  Ib/see,  coin  pa  red  to  the 
goal  of  3.  i  lb  see,  an  indication  that  the  inducer-impeller  was  producing  less 
pressure  than  anticipated.  The  maximum  pressure  ratio  at  design  speed  was  9.34 
at  an  efficiency  of  77.9%.  A  rotor  speed  of  95%  of  design  produced  a  pressure 
ratio  exceeding  the  required  8tl  pressure  ratio  at  an  efficiency  slightly  less  than 
the  89%  goal,  79.6%. 
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Figure  49.  Overall  Performance,  HuiUl  No.  1  Shakedown  Test 


Figure  30.  High-Speed  Centrifugal  Compressor  Flow  Characteristics, 
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Figure  51.  Diffuser  Loss  Characteristic.  Build  No.  2  .Shakedown  Test. 
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Figure  52.  Diffuser  Throat  Blockage  Characteristic,  Build  No.  2  Shakedown  Test. 
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Figure  S3.  Overall  ivr 


The  trends  exhibited  by  these  data  lead  to  an  interesting  speculation  that  the  de¬ 
sign  conditions  may  have  been  attained  by  overspeeding  the  rotor  approximately 
2%  at  the  design  inlet  guide  vane  setting.  High  rig  vibrations  prevented  further 
high-speed  testing. 

The  compressor  maps  obtained  with  inlet  guide  vane  settings  +10  deg  f  om  the 
nominal  were  limited  to  a  maximum  speed  of  05pf  of  design  due  to  rob:  vibrations. 
The  higher  rotor  work  capability  of  the  0-dog  IGV  setting  raised  the  maximum 
pressure  ratio  from  8.2  for  the  design  IGV  setting  at  95 {i  of  design  speed  to  over 
8.0  without  measurable  loss  in  efficiency.  This  change  in  IGV  angle  also  in¬ 
creased  airflow  by  4. 5'?.  The  improved  performance  at  the  0-deg  IGV  setting 
indicated  that  this  setting  may  have  offered  the  best  compromise  for  attaining  the 
jjorformaneo  goals  at  high-rotor  speeds.  Testing  of  Build  No.  5  was,  however, 
terminated  due  to  a  bearing  failure  associated  with  the  vibration  problems. 

Performance  testing  of  Build  No.  6  after  the  redesign  of  the  rig  tunning  and  rotor 
system  completed  the  high  speed  tests  initiated  with  Build  No.  5.  Data  are  pro  • 
sented  in  Figure  56  for  the  various  combinations  of  IGV  .settings  and  rotor  speeds 
that  were  tested.  The  data  show  that  the  mesh  mum  pressure  ratio  reached  at  a 
-4-deg  IGV  setting  was  slightly  above  the  design  goal  (10:03)  at  a  rotor  speed  of 
Ft  in  excess  of  design,  ami  the  corresponding  maximum  efficiency  was  1.2  per¬ 
centage  {mints  low.  At  the  8:1  pressure  ratio  {mint,  the  efficiency  decrement  was 
2  potnts  tielow  the  goal. 

Comparing  this  efficiency  loss  with  the  previous  data  led  to  the  conclusion  that  the 
damage  sustained  hv  the  diffuser  was  more  serious  than  expected.  Damage 
occurred  when  portions  of  the  silver  plating  on  the  impeller  shroud  broke  off  and 
impinged  on  the  leading  edges  of  the  diffuser  during  an  earlier  impeUer-to-shroud 
mb.  A  complete  discussion  of  the  problem  is  presented  ?a  the  diffuser  component 
section.  'Hie  Build  No.  6  testing  also  included  a  special  test  in  which  nitrogen 
was  used  to  eool  a  thermal  dam  machined  between  the  impeller  shroud  flange  and 
the  indue  or  shroud  flange  to  eHmlnate  heat  transfer  and  to  create  a  thermal 
environment  similar  to  that  of  Build  No.  3  or  a  gas  generator  with  thin  cases. 

This  test  generated  a  pressure  ratio  of  it).  04  G  and  an  efficiency  of  74, 3LT  at  101  ^ 
of  design  speed  and  -4-deg  IGV  setting.  This  was  an  improvement  of  0,|LX  due  to 
the  thermal  dam, 

Using  data  from  Builds  No,  3  and  6  compressor  tests,  a  composite  performance 
map  was  formulated  for  this  compressor.  This  map.  Figure  S?,  uses  the  Build 
No.  3  data  at  rotor  speeds  of  h3tt  of  design  and  below.  At  design  speed,  data  from 
a  Build  No.  6  stall  transient  (no  steady-state  data  points  were  recorded)  were  used, 
but  were  adjusted  to  compensate  for  the  reduced  performance  of  the  damaged  dif¬ 
fuser  using  Build  No.  3  eh f fuser  performance  data.  This  composite  data  'nap 
shows  that  the  compressor  achieved  its  major  pressure  ratio  ana  efficiency  goals. 
The  efficiency  throughout  the  speed  range  teas  optimized  by  varying  the  inlet  guide 
vanes  as  noted  oa  the  figure. 
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COMPONENT  PERFORMANCE 

A  discussion  of  the  perfomance  of  each  compressor  stage  component  is  presented 
in  this  section.  A  representation  of  the  cumulative  performance  at  various  stage 
component  interfaces  is  presented  in  Figure  58  to  provide  a  perspective  on  the 
contributions  of  the  various  components  to  the  overall  stage  performance.  Data 
from  both  Builds  No.  3  and  6  are  used  in  this  representation.  It  may  be  noted 
that  the  inlet  section,  including  the  IGV  losses,  has  a  small  effect  on  overall  per¬ 
formance  and  that  the  impeller  performance  is  not  sensitive  to  operating  conditions 
throughout  the  speed-flow  regime.  On  the  other  hand,  the  ir.  ducer  performance 
peaks  at  about  2.  9  lb/sec  flow  and  then  drops  sharply  at  higher  flow,  suggesting 
that  a  significant  improvement  in  efficiency  may  be  possible  through  an  evaluation 
of  the  cause  of  this  loss  and  the  accomplishment  of  corrective  modifications. 

Inlet  and  Inlet  Guide  Vanes 

The  inlet  and  inlet  guide  vanes  were  analyzed  for  the  Builds  No.  3  and  6  configura¬ 
tions.  Tabulations  of  all  inlet  guide  vane  data  are  presented  in  Appendix  I  and  can 
be  used  to  further  define  the  characteristics  of  individual  vanes  and  struts.  Inlet 
guide  vane  turning  for  the  Build  No.  6  configuration  is  shown  in  Figure  59  as  mass 
average  turning  angle  vs  inlet  guide  vane  setting.  These  data  show  that  the  mass 
average  angles  agree  well  with  predicted  turning  angles.  Although  the  average 
turning  matches  the  design  prediction,  the  flow  was  underturned  at  the  tip,  com¬ 
pensating  for  general  overturning  over  the  rest  of  the  span,  as  demonstrated  in 
Figure  60.  This  figure  presents  mass  average  exit  air  angle  at  five  spanwise 
positions  for  the  10-deg  IGV  setting  at  three  rotor  speeds  for  Build  No.  6  and  one 
for  Build  No.  3.  The  different  distribution  is  evidently  related  to  the  Build  No.  6 
converging  configuration,  since  the  Build  No.  3  data  using  the  same  guide  vanes 
and  setting  produced  a  more  nearly  constant  distribution  with  slight  overturning 
at  the  tip. 

The  redesigned  inlet  also  produced  a  greater  loss  than  the  original  design.  Mass- 
averaged  total  pressure  data  from  Builds  No.  6  and  3,  as  shown  in  Figure  61, 
demonstrate  this  increase  in  inlet  losses.  A  sample  plot  of  the  circumferential 
total  pressure  traverses  used  to  generate  this  loss  data  is  shown  in  Figure  62.  A 
sample  radial  traverse  is  shown  in  Figure  63.  The  probe  has  been  shimmed  away 
from  the  hub  wall  by  approximately  0.  020  in.  These  data  show  the  trend  to  in¬ 
creasing  losses  toward  the  tip  of  the  guide  vanes.  This  may  also  be  seen  in  Fig¬ 
ure  64  in  which  the  losses  from  the  hub  through  midspan  are  low,  while  70  and  90% 
span  losses  are  quite  high  for  data  taken  at  100  and  101%  of  design  speed.  There 
is  a  considerable  increase  in  losses  generated  when  the  guide  vanes  were  set  to 
produce  negative  turning.  The  increase  in  loss  at  90%  span  with  increasing  pre- 
whirl  may  be  a  function  of  the  clearance  between  the  vane  end  and  the  outer  wall, 
which  increased  in  any  position  except  axial.  At  other  spanwise  locations  the 
losses  minimize  at  10  deg,  which  was  the  design  setting. 

The  inducer  inlet  conditions  generated  by  the  guide  vanes  are  described  completely 
for  every  traverse  point  in  tabulations  in  Appendix  I.  A  typical  tabulation  (e.  g. , 
100%  speed  and  10  deg  of  prewhirl)  is  presented  in  Table  XI.  Inlet  relative  Mach 
number  and  incidence  are  presented  as  a  function  of  spanwise  position  in  Figure  65. 
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Figure  58.  Component  Efficiency  Representation 
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TABLE  XL  INLET  (GLIDE  VANE  CIRCUMFERENTIAL  TRAVERSE  DATA  -  100^  SPEED,  10- DEG  IGV  SETTING 


(S)  denotes  parameter  pertaining  gaps  containing  both  IGV  and  strut  wakes 
(VJ  pertains  io  gaps  containing  IGV  wakes  only. 


The  inlet  relative  Mach  number  spanwise  distribution  and  level  are  both  in  close 
agreement  with  design;  however,  incidence  is  more  positive  (stalled)  in  the  outer 
half  of  the  passage  than  anticipated.  Increasing  the  speed  and  reducing  the  pre¬ 
whirl  (for  instance,  to  101^  speed  and  -4-deg  of  prewhirl)  raises  the  relative 
Mach  number  and  increases  the  amount  of  stall  incidence,  as  shown  in  Figure  66. 

Static  pressure  profiles  generated  by  wall  taps  through  the  inlet  are  prosonted  in 
Appendix  1  for  both  Builds  No.  3  and  6  at  comparative  conditions. 


ifcdga  At  tQft  ftcttuw  Ratio 


Figure  66.  Inducer  Inlet  Conditions,  101%  Speed,  -4-deg  IGV. 
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Inducer 


Analysis  of  inducer  performance  was  divided  into  Builds  No.  3  and  6,  with  a 
majority  of  the  traverse  data  used  obtained  in  Build  No,  6.  Build  No,  3  inducer 
data  at  95r?  sliced  and  10  deg  of  prewhirl  were  reduced  using  inlet  conditions  from 
the  only  available  inlet  guide  vane  traverse  point  during  that  build.  These  data 
are  shown  in  Figure  67,  Inlet  relative  Mach  number  distribution  was  in  good 
agreement  with  design  values,  but  lower  overall  due  to  the  decreased  speed  (5)5%). 
The  average  inducer  incidence  angle  was  about  2  deg  nbov''  the  design  value  be¬ 
cause  flow  rate  and,  consequently,  axial  velocity  wore  slightly  below  design.  The 
inducer  pressure  ratio  and  efficiency  for  this  point  were  1.67  and  85.6%,  respec¬ 
tively. 


Figure  67.  Inducer  Inlet  Conditions,  Build  No.  3,  03%  speed.  10-dog  IUV .  Sets 
Stall. 
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The  inducer  discharge  condition?:  cal  tula  ted  for  this  point  indicated  that  the  im¬ 
peller  was  operating  below  design  incidence  over  most  of  the  span.  The  low 
incidence  in  the  hub  region  was  caused  by  overturning  in  the  hub  region  of  the 
inducer. 

Sufficient  dnta  were  obtained  in  Build  N'o,  0  to  completely  define  the  blade  element 
and  overall  performance  of  the  inducer.  Inducer  pressure  ratio  and  efficiency 
are  presented  as  functions  of  weight  flow  in  Figure  68.  The  inducer  exceeded  Us 
design  pressure  ratio,  hut  at  a  lower  than  goal  efficiency.  The  efficiency  of  the 
inducer  decreased  markedly  with  speed  aijovc  95r{  of  design  speed;  pressure  ratio 
also  decreased  for  constant  inlet  guide  vane  settings.  The  low  prewhirls  at  10ln< 
speed  increased  the  pressure  ratio  and  flow  of  the  inducer,  but  efficiency  monoto- 
nically  decreased  with  increasing  flow,  inducer  exit  traverse  data  also  help  ex¬ 
plain  the  loss  in  performance  at  high  speed.  A  traverse  plot  at  ton  speed  and 
-4-deg  inlet  guide  vane  setting  in  Figure  69  shows  that  a  severe  inducer  exit  air 
angle  and  total  pressure  profiles  were  generated  when  the  inducer  was  operated 
at  an  inlet  relative  Mach  number  considerably  higher  than  design.  The  radial 
travel  increases  from  the  hub  to  shroud,  with  the  shroud  wall  being  at  approxi¬ 
mately  0.62  in.  Tabulated  data  for  this  point  are  presented  in  Table  XII. 


Figure  tndueor  Performance.  FuiM  Mo.  6. 
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Reducing  speed  to  100'T  of  design  end  increasing  prewhirl  to  10  deg,  which  allows 
the  inducer  to  operate  at  design  inlet  Mach  number,  improved  the  midspan  prob¬ 
lem  with  the  inducer.  The  majority  of  the  inducer  inefficiency  at  the  dosign  point 
appears  near  the  tip  as  total  pressure  loss,  overturning,  and  excessive  temper¬ 
ature  rise,  as  shown  in  figure  70  and  Table  Kill.  A  further  decrease  in  speed  to 
95%  of  design  speed,  as  shown  in  figure  71,  continued  to  improve  the  perform¬ 
ance  of  the  inducer,  allowing  it  to  roftch  efficiencies  of  over  90%  at  pressure 
ratios  of  over  1.7 si. 


figure  70.  Inducer  Exit  Travel*?,  Build  No.  0,  100%  $&&4,  lo-d^  l&V 


TABLE  XII.  INDUCER  EXIT  TRAVERSE  DATA,  101%  SPEED,  -4-DEG  IGV  SETTING 
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Inducer  loss  coefficient  is  presented  in  Figure  72  to  demonstrate  the  level  of  im¬ 
provement  from  overspeed  {101%)  to  design  (100%)  conditions  in  conventional 
terms.  The  effect  of  the  higher  inlet  Mach  number  and  incidence  on  the  inducer 
losses  is  easily  seen  in  this  figure.  These  data,  coupled  with  the  fact  that  the 
falloff  in  inducer  efficiency  at  high  flow  shows  a  dependence  on  inlet  guide  vane 
setting,  lead  to  the  conclusion  that  these  losses  are  largely  dependent  upon  the 
high  inlet  relative  Mach  number. 

Inducer  exit  traverse  data  are  compared  with  impeller  design  inlet  conditions  in 
Figures  73  and  74  for  100%  speed  and  10  deg  of  prewhirl.  Impeller  inlet  relative 
Mach  number  distribution  and  level  agree  well  with  the  predicted  design  values; 
however,  the  incidence  distribution  shows  the  impeller  incidence  to  be  more 
negative  than  the  design  value,  as  did  the  data  available  from  Build  No.  3.  The 
hub  side  overturning  that  causes  this  negative  incidence  is  most  apparent  in  Fig¬ 
ure  74.  Similar  information  is  presented  for  the  101%  design  speed,  -4-deg  pre¬ 
whirl  condition  in  Figures  75  and  76. 


0  100%  Speed,  !0  deg  1GV 
□  101%  Speed,  -4-dcg  IGV 


Figure  72.  Inducer  Losses. 
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Impeller  Inlet  Conditions,  Figure  76.  Inducer  Exit  Air  Angle  Prof 

1011  Speed,  -4 -deg  IGV.  lOH  Speed,  -4-deg  IGV. 


The  bulk  of  the  traverse  data  were  reduced  by  assuming  that  the  static  pressure 
across  the  span  behind  the  inlet  guide  vanes  was  a  constant  pressure  equal  to  that 
of  the  shroud  wall  behind  the  inducer.  This  assumption  was  necessary  due  to  the 
lack  of  static  pressure  taps  on  the  hub  wall  or  static  pressure  traverse  data. 
Performance  in  these  planes  was  also  reduced  for  some  points  using  static  pres¬ 
sure  distributions  generated  by  inputting  geometric  and  aerodynamic  information 
into  a  streamline  analysis  computer  program.  The  static  pressure  profile  com¬ 
parison  for  the  10 V  exit  (inducer  inlet)  Is  shown  in  Figure  77,  and  the  inducer  exit 
static  pressure  distribution  comparison  is  shown  in  Figure  78. 

Since  the  data  reduction  program  would  only  accept  linear  distribution  of  static 
pressure,  the  profile  generated  by  the  streamline  analysis  was  approximated  as 
shown  by  a  straight  line  from  hub  to  shroud.  Use  of  these  static  pressures  in  the 
data  reduction  program  resulted  in  the  profiles  previously  presented  in  Figures  72 
through  70.  The  use  of  the  initial  constant  pressure  assumption  yielded  the  re¬ 
sults  shown  in  Figures  79  and  80.  There  was  only  a  small  effect  on  impeller  inlet 
relative  Mach  number;  however,  the  change  in  calculated  hub  incidence  was  quite 
large.  Incidence  at  10%  span  from  the  hub  was  increased.  Relative  inducer  exit 
air  angle  was,  of  course,  similarity  affected.  This  difference  in  inducer  exit 
conditions  should  lx?  considered  during  use  of  any  of  the  standard  reduction  print¬ 
outs  presented  in  Appendix  I. 

The  effect  of  the  Inducer  on  overall  performance,  other  than  its  pressure  ratio 
and  efficiency  characteristics,  was  evaluated  in  terms  of  any  limitations  it  may 
have  Imposed  on  the  impeller  or  overall  performance.  The  effect  of  the  poor 
high-speed  inducer  performance  cm  the  impeller  was  minimal,  and  is  discussed 
in  the  following  impeller  component  performance  section.  With  respect  to  overall 
performance,  the  inducer  was  initially  thought  to  be  the  flow-limiting  component 
in  the  compressor.  The  correlation  of  maximum  or  choke  flow  presented  in  Fig¬ 
ure  81  is  composed  of  Build  No.  3  data  and  was  used  to  develop  this  logic.  The 
slope  of  the  speed- flow  curve  decreases  sharply  above  95%  speed  at  0-deg  prewhirl, 
above  90  to  95%  at  tO-deg  prewhirl,  and  above  90%  speed  at  20-deg  prewhirl. 

This  change  in  slope  is  generally  a  precursor  to  choking  of  the  annulus  and  was 
considered  to  be  evidence  of  inducer  choking.  The  vertically  common  maximum 
flow  at  lower  speeds,  regardless  of  prewhirl,  is  due  to  diffuser  choking. 

The  same  relationship  for  the  Build  No.  6  data  (Figure  82)  did  not  exhibit  similar 
characteristics.  Choke  flow  at  70%  speed  was  somewhat  lower  than  Build  No.  3, 
possibly  from  increased  blockage  in  the  diffuser  due  to  the  leading-edge  damage. 

The  slope  of  the  curve  did  not  fall  off  rapidly  at  high  speed  and  continued  to  in¬ 
crease  with  lower  prewhirl  at  maximum  speed.  The  high-speed  eboke  flow  in 
Build  No.  6  exceeded  that  projected  for  Build  No.  3. 
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Figure  79.  Impeller  Inlet  Conditions.  FiSure  80-  Inducer  Exit  Air  Angle  Profile. 

100^,  Speed,  10-deg  1GV.  100 *  SPeed»  10-deg  1GV. 
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Figure  81.  Choke  Point  Flow  as  a  Function  Figure  82.  Build  No.  6  Choke  Point  Flow 

of  Rotor  Speed,  Build  No.  3.  as  a  Function  of  Rotor  Speed. 


Impeller 

Impeller  performance  was  well  defined  from  a  combination  of  Builds  No.  3  and  G 
data.  Low-speed  definition  was  available  from  Build  No.  3  impeller  exit  traverses, 
and  Build  No.  0  impeller  exit  traverses  defined  its  operation  at  high  speed.  An 
internal  flow  analysis  was  also  used  to  analyze  the  inducer-impeller  combination 
and  was  available  for  every  data  point.  The  impeller  pressure  ratio,  flow,  and 
efficiency  data  from  Build  No.  6  are  presented  in  Figure  83.  These  data  showed 
that  the  impeller  produced  its  design  pressure  ratio  at  an  efficiency  approximately 
5  percentage  points  higher  than  its  design  goal  and  at  a  flow  rate  slightly  highor 
than  design.  The  consistent  high  efilciency  of  the  impeller  and  the  smooth  pres¬ 
sure  rise  characteristic  showed  that  the  impollor  continued  to  operate  well,  even 
when  its  inlet  conditions  were  being  affected  by  the  large  inducer  losses  at  high 
speed.  This  good  high-speed  performance  was  due,  in  part,  to  the  separate 
inducer-impeller  concept  as  the  impeller  performance  demonstrated  its  capability 
to  work  efficiently  at  conditions  that  would  liave  severoly  affected  a  conventionally 
dosigned  impeller  with  an  intogral  inducer. 

The  tabulated  data  for  the  impeller  performance  can  be  found  on  the  impollor 
traverse  printouts  in  Appendix  I.  Since  insufficient  data  wore  obtained  to  properly 
separate  the  impeller  and  inducer  performance  generated  in  Build  No.  3,  the  com¬ 
bined  performance  is  shown  in  Figure  84  with  comparative  Build  No.  6  results. 

The  Build  No.  6  inducer-impeller  prossuro  ratio  was  slightly  higher  than  that  of 
Build  No.  3,  possibly  duo  in  part  to  the  Build  No.  6  impollor  having  a  0.020-in. 
larger  diameter. 

Build  No.  3  inducer  and  impeller  performances  from  an  internal  flow  analysis 
program  are  shown  in  Figure  85.  Similar  Build  No.  6  indueor  and  impollor  per¬ 
formance  are  shown  in  Figure  80, 


Inducer  and  impeller  efficiency  as  a  function  of  incidence  was  also  generated  by 
the  internal  performance  analysis  and  is  presented  in  Figure  87  for  Build  No,  3 
data  and  in  Figure  88  tor  Build  No.  6  data.  A  limited  amount  of  data  that  were 
obtained  in  Build  No,  2  with  an  undersized  diffuser  is  also  presented  in  Figure  87 
for  comparative  purposes.  The  lower  efficiency  was  due  to  the  inducer  operating 
in  a  stalled  condition.  Low-speed  characteristics  are  essentially  identical  for 
Builds  No.  3  and  6,  The  inducer-impeller  was  operating  on  the  stalled  side  of  its 
performance  characteristic  and  efficiency  decreased  with  increasing  incidence. 

It  appeared  from  the  Build  No,  3  characteristics,  that  the  inducer- impeller  and 
diffuser  were  matched  at  95%  speed,  and  at  1007c  speed  and  lo-deg  prewhirl,  the 
match  may  he  on  the  negative  or  choke  side  of  the  incidence  characteristics. 

Build  No.  G  data  could  be  interpreted  similarly  if  only  10-deg  IGV  setting  data 
were  obtained  at  1007  speed;  however,  other  101%  speed  data  at  different  pre¬ 
whirls  behaved  in  a  manner  no  different  than  that  observed  at  lower  speeds. 

Build  No.  G  data  at  95%  speed  also  failed  to  exhibit  the  peaking  effect  demon¬ 
strated  in  Build  No.  3,  henee  it  is  probable  that  Build  No.  6  operated  at  slightly 
positive  (stall)  incidence  at  95  to  101%  speeds. 
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Figure  83.  Build  No.  6  Impeller  Performance  Derived  From  Traverse  Data 
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i'i tgjare  €.5.  Build  No.  3  Impeller  Performance  Map  Derived  From  Internal  Flow  Analysis, 


The  internal  performance  analysis  was  also  used  to  demonstrate  the  effect  of  pre¬ 
whirl  on  inducer-impeller  performance,  as  shown  in  Figure  89  at  101%  speed. 

The  increase  in  efficiency  with  prewhirl  was  due  to  reduced  shock  losses  as  the 
inlet  relative  Mach  number  was  lowered,  and  also  due  to  reduced  profile  losses 
as  the  incidence  was  improved.  The  100%  speed  Build  No.  3  data  showed  nearly 
the  same  incidence  and  efficiency. 

Comparison  of  the  two  builds  at  95%  speed  is  shown  in  Figure  90.  The  Build  No.  6 
inducer-impeller  was  operating  at  a  more  positive  incidence  most  probably  be¬ 
cause  of  the  reduced  airflow  at  this  speed  caused  by  the  smaller  effective  diffuser 
throat  area  in  the  damaged  Build  No.  6  diffuser. 

Slip  factor  calculated  at  the  impeller  tip  (discharge)  from  traverse  data  of  Builds 
No.  3  and  6  is  presented  as  a  function  of  corrected  flow  rate  in  Figure  91.  The 
general  trend  of  both  data  sets  was  similar  and  the  level  at  near  design  was  also 
similar.  Low-speed  data  exhibit  an  indication  of  higher  slip  factors  for  the  Build 
No.  6  testing.  Impeller  exit  discharge  coefficients  calculated  by  using  impeller 
exit  mass  average  data  to  generate  weight  flow  which  is  compared  to  orifice  flow 
are  presented  for  the  same  data  in  Figure  92.  These  discharge  coefficients  were 
used  to  generate  input  for  the  internal  flow  analysis  for  both  builds.  While  levels 
varied  from  build  to  build,  both  exhibited  the  trend  of  high  blockage  at  low  speed, 
which  decreased  with  an  increase  in  speed  and  flowed  to  a  low  blockage  value  at 
flow  rates  corresponding  to  90  to  95%.  Higher  speed  and  flow  conditions  again 
showed  a  considerable  increase  in  blockage. 

Impeller  exit  traverse  data  summaries  for  every  traverse  point  from  Builds 
No.  3  and  6  are  presented  in  Appendix  I.  An  example  of  these  data  are  presented 
in  Figure  93  for  101%  speed  and  -4  deg  of  prewhirl.  Examples  of  impeller  exit 
traverse  data  for  95%  speed  10-deg  prewhirl  from  Builds  No.  3  and  6  are  shown 
in  Figures  94  and  95,  respectively.  Impeller  exF  total  pressure  data  indicated 
a  larger  boundary  layer  development  on  the  shroud  side  than  on  the  hub.  The  air 
angles  shifted  toward  tangential  on  both  hub  and  shroud  sides,  corresponding 
roughly  to  areas  of  falloff  in  total  pressure.  Normalized  distributions  of  radial 
velocity  for  Build  No.  6  101%  speed,  -4-deg  prewhirl  and  Builds  No.  3  and  6  at 
95%  speed  are  shown  in  Figures  96  through  98,  respectively.  Builds  No.  3  and  6 
show  essentially  the  same  characteristic  as  the  higher  speed  Build  No.  6  data. 
Generally,  velocity  was  less  than  design  on  the  shroud  side,  with  a  peak  greater 
than  design  near  the  hub. 

Temperature  traverses  were  also  obtained  behind  the  impeller.  All  of  the  tem¬ 
perature  traverse  data  are  presented  in  Appendix  I.  These  data  were  input  into 
the  traverse  reduction  deck  and  a  mass  average  temperature  was  calculated.  This 
temperature  was  considerably  different  from  the  average  temporature  measured 
in  the  exhaust  collector;  for  example,  at  101%  speed  and  0-deg  prewhirl,  the 
average  impeller  exit  temperature  was  40-dog  hotter  than  the  collector.  Since  the 
impeller  exit  temperature  was  measured  with  a  one-of-a-kind  experimental 
thermocouple  and  since  the  resultant  data  differed  not  only  in  level  from  the 
average  collector  temperature  but  also  in  profile  characteristics  from  the  check¬ 
out  of  this  probe  during  a  previous  test,  the  data  were  considered  faulty. 
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Figu^  93.  Impeller  Fsit  Traverse,  Build  No.  6,  1011.  jipeed,  -4-deg  IGV,  Nea* 


Figure  95.  Impeller  Kxit  Traverse,  Huild  No.  ti,  95%  Speed,  10-deg  IGV,  Neat 


Figure  96,  Normalized  Radial  Velocity  Distribution,  Build  No.  6,  101%  Speed, 
-4-deg  IGV. 


Figure  97.  Normalized  Kadiul  Velocity  Distribution,  Build  No.  3,  95%  Speed, 
10- deg  IGV. 
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Figure  98.  Normalized  Radial  Velocity  Distribution,  Build  No.  6,  95%  N/\/e 
Design,  10-deg  IGV. 


A  boundary  layer  analysis  program  was  used  to  predict  the  impeller  exit  velocity 
profile  for  the  95%  speed  10-deg  prewhirl  near  stall  [joints  for  both  Builds  No.  3 
and  6. 


Figure  99  contains  both  analytical  predictions  and  experimentally  obtained 
velocity  ratio  profiles.  The  predicted  boundary  layer  thickness  was  too  small  on 
the  shroud  side,  implying  greater  losses  along  the  shroud  wall  than  were  assumed 
in  the  analysis.  There,  high  shroud  side  losses  also  pointed  to  an  area  for  poten¬ 
tial  impeller  performance  improvement.  The  predictions  allowed  an  accurate 
potential  flow  calculation,  which  matched  the  experimental  profile  from  20  to  GO?, 
span  extremely  well. 


Stall  transients  were  conducted  with  the  impeller  exit  traverso  probe  positioned  at 
approximately  15%  of  the  span  from  the  shroud  wall.  These  transients  were  ex¬ 
pected  to  exhibit  evidence  of  an  air  angle  shift  toward  tangential  flow  immediately 
preceding  surge.  An  example  of  the  data  obtained  is  presented  in  Figure  100, 
with  the  remainder  given  in  Appendix  !.  Impeller  exit  total  pressure,  angle,  and 
collector  s*otie  pressure  are  presented  vs  time.  A  tabulation  of  speed  and  flow 
vs  time  is  also  given.  Data  from  two  different  transients  at  scanning  rates  of  l 
and  approximately  65  seans/see  were  used  to  describe  overall  trends  and  to  show 
surge  behavior  in  great  detail.  No  change  in  air  angle  could  be  determined  frem 
the  typical  searching  pattern  observed  in  these  data.  In  nearly  every  ease,  there 
was  a  drop  in  impeller  exit  total  pressure  accompanied  by  an  increase  in  speed 
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and  n  slight  decrease  in  weight  flow  before  surge.  Collector  static  pressure  con¬ 
tinued  to  rise  even  though  the  impeller  exit  total  pressure  decreased,  which  indi¬ 
cated  either  a  shift  in  the  impeller  exit  profile  causing  a  pressure  decrease  at  15$ 
span  or  that  the  diffusion  efficiency  increased  faster  than  the  rate  of  impeller  exit 
pressure  decrease. 

Static  pressure  information  was  recorded  along  the  shroud  wall  for  every  steady- 
state  data  point.  Figure  101  shows  Builds  No.  3,  6,  and  design  data  for  the  95$ 
speed,  10-deg  IGV  setting  condition.  The  trend  of  static  pressure  showed  no 
significant  change  from  build  to  build.  True  evaluation  of  the  significance  of 
these  profiles  was  difficult  since  it  was  not  possible  to  separate  the  contribution 
due  to  impeller  work  and  diffusion;  however,  no  obvious  discontii  uity  showing 
areas  of  separation  was  visible.  Most  of  the  static  pressure  rise  occurred  after 
the  transition  from  axial  to  radial  flow,  with  some  decrease  in  the  magnitude  of 
pressure  rise  near  the  exit  of  the  impeller. 

The  five  static  pressure  taps  near  the  exit  were  located  in  such  a  way  as  to  allow 
determination  of  the  effect  of  diffuser  pipes  on  the  static  pressure  distribution  in 
the  impeller.  No  effect  was  seen,  most  likely  duo  to  the  large  vaneless  space. 
Other  examples  of  this  static  pressure  distribution  nro  presented  in  Appendix  l. 

All  show  the  same  trends  as  the  examples.  The  distribution  and  level  do  not 
change  from  near  stall  to  wide  open  discharge;  however,  at  a  constant  speed  the 
level  of  static  pressure  is  highest  for  the  inlet  guide  vane  setting  that  allows  the 
impeller  to  do  the  most  work. 


Figure  99.  Discharge  Velocity  Ratio  Cotuparisous. 
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Figure  101.  Static  Pressure?  Variation  Along  Impeller  Shroud,  95%  Speed,  Neat* 
Stall,  10-def  IUV. 


Diffuser  Performance 


Diffuser  performance  evaluation,  including  an  evaluation  of  the  diffusion  process 
and  an  assessment  of  the  total  pressure  losses  incurred  during  the  diffusion  pro¬ 
cess,  will  be  presented  in  the  form  of  static  pressure  distributions  throughout  the 
diffuser,  total  pressure  profiles  at  the  diffuser  exit,  and  various  loss  correlations. 
Since  the  diffuser  teas  damaged  prior  to  the  Build  No.  6  performance  testing,  the 
discussion  will  include  the  Build  No.  3  diffuser  performance,  the  nature  of  the 
damage  to  the  diffuser,  and  the  resulting  performance  losses  seen  in  Build  No,  0. 
All  diffuser  performance  data  are  available  from  tabulations  of  performance  in 
Appendix  1. 

Build  No.  3  static  pressure  distributions  along  the  length  of  the  diffuser  pipes  on 
the  shroud  side  are  shewn  at  near  stall  and  at  minimum  back  pressure  for  9SL1? 
speed  and  lb- deg  UIV  and  at  near  stall  for  100%  speed  and  10-deg  1GV  in  Fig¬ 
ures  Ids  and  103.  The  strong  normal  shock,  located  approximately  1  in.  from 
the  diffuser  exit  at  minimum  back  pressure,  moves  upstream  of  the  throat  to 
slightly  strengthen  the  inlet  slrnck  in  that  region  at  near  stall  as  is  shown  in  Fig¬ 
ure  102.  The  near  stall  static  pressure  distribution'  plots  at  95  and  100%  speed 
in  Figures  102  amt  103  show  that  the  effective  throat  (i.e. ,  where  the  diffusion 
process  begins)  is  located  apperndniately  0. 250-in.  upstream  of  the  geometric 
throat.  The  region  between  the  tangency  point  and  tv-  effective  throat  is  essential¬ 
ly  a  region  for  flow  adjustment  and  alignment  and  is  marked  by  shock  wave- 
houadary-iayer  interactions  and  areas  of  flow  acceleration  so  that  there  is  little  if 
airy  diffusion.  Figure  HM  presents  the  static  pressure  distributions  on  the  hub  and 
shroud  walls  across  one  diffuser  gap  at  the  tangency  radius  for  several  points  and 
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illustrates  the  complex  nature  of  the  flow  in  this  region.  This  is  also  evident  in 
the  diffuser  shroud  side  isobar  mnp  in  Figure  105,  The  representations  shown  in 
Figures  1 0-4  and  105  are  composites  generated  from  static  pressure  information 
from  several  locations  and  may,  therefore,  contain  scatter  as  a  r.  suit  of  pipe-to- 
pipe  variation.  Downstream  of  the  effective  throat,  where  esse,  t’^lly  all  the  dif¬ 
fusion  takes  place,  no  evidence  of  separation  is  noted.  The  circumferential  ciatic 
pressure  distribution  at  the  geometric  throat,  as  shown  in  Figure  106  Dr  951 
speed  and  10- deg  IGV,  is  fairly  uniform  especially  near  stall. 
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Figure  102.  Diffuser  Static  PresidtPe  Profile:  ^uitd  No.  3,  95°|  Speed,  id-4eg 
IGV. 
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Figure  105.  Diffuser  Shroud  Static  Pressure  Contours:  Build  No.  3,  100%  Speed,  10-deg  IGV, 
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I-’igure  106.  Diffusor  Throat  Static  Pressure  Distribution:  Build  No.  3, 

95%  Speed,  10-dog  IGV. 

During  Build  No.  4  testing  (mechanical  checkout  of  redesigned  rig  bearing  and 
rotor  system),  a  rub  occurred  between  the  impeller  and  the  stationary  shroud, 
spewing  pieces  of  the  shroud  silver  plating  through  the  diffuser  and  causing  dam¬ 
age  to  the  diffusor  pipe  throat  leading  edges.  Photographs  of  this  damage  from 
several  typical  pipes  are  shown  in  Figure  107,  For  comparison,  a  photograph  of 
an  undamaged  diffuser  pipe  is  shown  in  Figure  108.  Prior  to  the  Build  No.  6  per¬ 
formance  tests,  all  the  diffuser  pipes  were  polished  to  remove  any  burrs  extend¬ 
ing  into  the  flow  path  along  the  damaged  throat  leading  edges.  One  diffuser  pipe 
found  to  be  slightly  oversized  was  nickel  plated  to  the  same  size  as  the  rest  of  the 
pipes.  At  the  completion  of  the  Build  No.  6  testing  during  the  rig  teardown,  it 
was  discovered  that  a  considerable  amount  of  rust  had  formed  in  the  diffuser  pipes, 
as  is  shown  in  Figure  109.  This  rust  probably  also  contributed  to  the  loss  in  per¬ 
formance  noted  ha  Build  No.  6,  although  it  is  impossible  to  predict  the  degree  to 
which  the  diffuser  pipes  were  rusted  at  any  given  point  in  the  test  program.  The 
diffuser  material,  410  Stainless  Steel,  was  chosen  because  its  thermal  expansion 
elosely  matched  that  of  the  titanium  impeller;  however,  it  appears  that  for  aero¬ 
dynamic  reasons  a  corrosion-resistant  material  would  be  better. 

lire  effects  of  the  damaged  diffuser  can  be  seen  in  the  Build  No.  6  static  pressure 
distribution  plots  for  95  and  100%  speeds  and  10-deg  IGV  in  Figures  110  and  Ul. 
The  effective  throat  region  has  moved  downstream  from  its  Build  No,  3  location 
and  nearly  coincides  with  the  geometric  throat.  Also,  regions  of  flow  separation 
are  now  evident  in  some  of  the  pipes  toward  the  diffuser  exit.  The  individual 
points  shown  on  the  plots  are  not  necessarily  from  the  same  diffuser  pipe,  so  the 
inconsistent  nature  of  the  static  pressure  data  near  the  diffuser  exit  indicates 
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Figure  112.  Diffuses*  Static  Pressure  Profile:  Build  No,  G,  101%  Speed,  -4-deg 
IUV. 

Diffuser  exit  Mach  number  profiles  were  generated,  based  on  diffuser  exit  total 
pressure  rake  data  and  collector  static  pressure.  A  resultant  profile  for  Build 
No.  3  at  95%  speed,  near  stall,  and  10-deg  IUV  is  shown  in  Figure  113.  Idle 
profile  is  marked  by  a  large  low-diffusion  region  on  the  shroud  side  and  by  a  low- 
flow  region  on  the  hob  side,  which  probably  represents  a  large  boundary  layer 
and  flow  separation.  The  Build  No,  6  profile  for  the  same  point  is  presented  in 
Figure  114  and  has  the  same  high-loss  region  on  the  hub  side,  but  has  a  eommen- 
surately  larger  low-diffusion  zone  than  Build  No.  3,  Profiles  at  100  and  101% 
speed  from  Build  No,  6,  shown  in  Figures  113  and  IIG,  have  the  same  general 
characteristics  as  the  95%  speed  profile.  Figure  11“  shows  the  diffuser  exit 
Mach  number  profile  at  minimum  back  pressure  at  101%  speed,  which  is  charac¬ 
terized  by  very  low  diffusion  with  large  high-loss  regions. 
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Figure  117.  Diffuser  Kxit  Much  Number  Profile:  Pul  Id  No.  0,  101%  Speed, 
— l-deg  1UV,  Wide  Open  Discharge. 


Diffuser  total  pressure  and  diffuser  dump  losses  are  plotted  as  a  function  of  cor¬ 
rected  weight  flow  and  impeller  exit  Mach  number  for  both  Builds  No.  3  and  *s  in 
Figures  U8  and  !19.  The  total  pressure  diffuser  losses  were  essentially  iden¬ 
tical  for  both  builds,  although  the  Build  No.  6  dump  losses  were  higher.  This 
can  be  directly  attributed  to  the  lower  diffusion  levels  and  resultant  higher  dif¬ 
fuser  exit  Mach  numbers  for  Build  No.  6,  as  is  shown  in  Figure  120,  The  Build 
No.  6  static  pressure  rise  coefficient  values  were  considerably  lower  than  the 
Build  No.  3  levels,  as  shown  in  Figure  121. 


Figure  m.  Oiifuiivt*  vg  fasoetle?  Exit  Maeb  Number.  Neat*  J»taU 


HKlH-FHKQrKNCV  RESPONSE  DATA 


High-frequency  response  dntn  were  recorded  at  two  speeds,  70  and  78*7  of  design 
speed,  Airing  Build  No.  0  testing.  These  speeds  were  selected  because  they 
were  the  highest  speeds  for  which  performance  data  were  available  and  which  did 
not  exceed  the  temperature  limitations  of  the  high-response  KHUTE™  pressure 
transducers.  Data  were  recorded  at  steady-state  conditions,  near  stall  and  during 
transient  operation  into  stall  for  the  following  four  pressures: 

1.  Total  pressure  at  the  impeller  exit 

2.  Two  static  pressures  in  the  vaneless  space 

3.  Static  pressure  at  the  diffuser  discharge. 

These  pressures  were  recorded  using  KUI.ITE  pressure  transducers  capable  of 
frequencies  from  de  to  100,000  Hz;  however,  due  to  the  high  magnetic  tape  speed 
required  to  attain  resolution  at  the  high  frequencies,  data  below  200  Hz  are  not 
reliable. 

Typical  data  are  presented  in  Figures  122  and  123  for  70  and  78'7  of  design  speed, 
respectively,  and  show  the  response  of  the  four  measured  pressures  during  a 
1 0-ms  period  including  the  surge  event.  Typically,  these  data  define  surge  both 
in  the  form  of  an  amplitude  change  and  a  frequency  change.  The  amplitude  dif¬ 
ference  between  the  two  vaneless  space  static  measurements  is  believed  to  la?  due 
to  a  faulty  gain  setting  on  one  channel  (PSDVKl);  however,  the  wave  form  is  unaf¬ 
fected. 

Additional  data  from  each  of  the  high- response  probes  during  the  steady-state 
{joint  and  at  2.3-ms  increments  into  the  stall  transient  are  presented  In 
Appendix  l  in  the  form  of  pressure  amplitude  vs  time  ami  pressure  amplitude  vs 
frequency.  These  data  Indicate  the  presence  of  strong  discrete  fluctuations  at 
frequencies  corresponding  to  12  E,  24  E,  and  48  K  (E  -  rotor  speed).  These 
frequencies  correspond  to  excitations  from  the  impeller  blading,  which  has  12 
full  blades,  12  primary  splitters,  and  24  secondary  splitters.  Prior  to  surge, 
the  dominant  frequency  observed  was  generally  24  E  which  seems  to  indicate  a 
differential  work  input  between  the  secondary  splitters  and  the  full  blades  and 
primary  splitters.  Correlations  which  were  performed  on  these  data,  however, 
failed  to  identify  the  24  E  signal  with  the  various  types  of  Wades  and  splitters. 

Following  surge,  the  dominant  frequency  became  48  E,  which  appears  to  be  the 
pressure  field  associated  with  the  stalled  blading.  This  pattern  of  frequency 
change  was  observed  for  both  the  70  and  78'7  speed.  No  evidence  of  rotating  stall 
prior  to  surge  was  noted;  however,  the  local  distortion  of  the  impeller  discharge 
flow  field  due  to  the  insertion  of  the  relatively  large  high-frequency  pressure 
prohe  caused  surge  to  occur  significantly  below  the  uadistorted  surge  line.  This 
asymmetry  may  have  prevented  the  formation  of  rotating  stall  cells. 


ligh- Frequency  Response  Data  at  70?  Speed 


iigh-Frequencji^esponse  Data  at  78%  Speed 


CONCLUSIONS 


The  overall  total-to-sJntic  pressui’e  ratio  and  efficiency  ef  this  compressor  came 
very  close  to  meeting  design  goals  and,  for  all  practic.nl  purposes  has  demon¬ 
strated  that  high-pressure  ratio,  high-efficiency,  single-stage  centrifugal  com¬ 
pressors  can  be  developed.  If  the  diffuser  had  not  been  damaged,  the  10:1  pres¬ 
sure  ratio  75??  efficiency  goal  likely  would  have  been  surpassed,  as  shown  by  the 
composite  compressor  map  generated  assuming  undamaged  diffuser  losses  on  the 
overall  compressor  performance. 

The  basic  approach  taken  for  the  aerodynamic  design  has  proven  to  be  sound.  The 
us.  of  variable  inlet  guide  vanes  has  allowed  obtaining  optimum  performance  data 
throughout  the  range  of  operating  speeds  and  genet'ation  of  an  inlet  guide  vane 
schedule  for  potential  ase  of  this  compressor  in  a  gas  generator  configuration. 

The  inducer  operated  well  until  it  was  run  at  conditions  beyond  its  intended  design. 
When  it  was  discovered  that  the  overall  pressure  ratio  was  low  at  design  speed 
and  prewhirl,  it  was  necessary  to  produce  more  work  in  the  inducer-impeller. 

This  involved  a  decrease  in  prewLirl,  an  increase  in  speed,  or  both.  Either  con¬ 
dition  increased  the  inlet  relative  Mach  number  into  the  inducer  and  forced  a  more 
stalled  incidence,  generating  high  losses  and  resulting  in  low  efficiency.  The 
remote  inducer,  which  was  included  in  the  design  to  accept  shock  losses  should 
they  be  higher  than  expected  and  to  allow  separation  on  the  inducer  without  de¬ 
stroying  impeller  performance,  also  functioned  properly  in  this  situation  as  the 
impeller  operation  was  not  influenced  by  the  poor  inducer  exit  characteristics. 

The  inlet  guide  vanes  were  set  to  produce  less  prewhirl,  and  rotor  speed  was  in¬ 
creased  to  produce  the  required  rotor  pressure  ratio.  The  impeller  efficiency 
was  above  predicted,  indicating  that  additional  tip  diameter  would  also  have  ob¬ 
tained  the  design  performance. 

The  diffuser,  including  the  entry  region,  is  the  most  critical  element  in  the  per- 
foraiance  of  this  compressor.  The  mismatch  caused  by  the  undersized  diffuser 
in  Build  No.  2  and  the  resulting  improved  performance  obtained  in  Build  No.  3  by 
only  increasing  the  throat  diameters  from  0. 228  to  0. 235  in.  demonstrates  the 
small  latitude  in  dimensioning  the  diffuser  throat  and  predicting  impeller  exit 
conditions  and  diffuser  throat  blockage. 

The  losses  and  static  pressure  rise  generated  by  the  resized  diffuser  were  quite 
good  and  would  have  allowed  the  overall  performance  goal  of  10:1  pressure  ratio 
at  759?  efficiency  to  have  been  surpassed  in  Build  No,  3  at  a  lower  prewhirl  than 
10  deg  if  the  rig  had  functioned  properly  mechanically.  Damage  to  the  leading 
edge  region  of  the  diffuser,  resulting  from  silver  impingement  when  the  impeller 
rubbed  the  shroud  in  a  mechanical  checkout  of  the  redesigned  bearing  support  and 
rotor  system,  resulted  in  enough  change  in  the  diffuser  characteristics  io  cause 
the  performance  to  be  short  of  the  goal.  The  change  in  throat  blockage  causes  the 
flow  rate  to  change  and  the  static  pressure  rise  to  decrease.  This  behavior  also 
points  to  the  critical  nature  of  the  diffuser  in  a  compressor  suoh  as  this. 
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RECOMMENDATIONS 


Analysis  of  the  data  obtained  during  this  program  to  design  and  test  a  10:1  pres¬ 
sure  ratio  single-stage  centrifugal  compressor  leads  to  the  following  recommends 
tions  to  improve  its  aerodynamic  performance: 


1.  The  inducer  should  be  redesigned  to  operate  efficiently  at  the 
conditions  required  to  produce  10:1  pi*essure  ratio.  The  in¬ 
ducer  redesign  would  be  based  on  the  optimum  inlet  guide  vane 
exit  conditions  and  the  desired  impeller  inlet  conditions  and 
could  improve  the  design  speed  efficiency  up  to  three  points. 

2.  The  modified  inducer  should  be  tested  with  a  new  diffuser  to 
eliminate  the  detrimental  effects  of  the  damage  leading  edges 
of  the  current  diffuser. 


3.  The  potential  performance  increase  that  could  be  attained 
through  reducing  impeller  blade-to-shroud  friction  heating 
should  be  evaluated.  This  friction  heating  could  be  minimized 
through  the  use  of  a  shrouded  impeller.  The  shrouded  im¬ 
peller  also  would  eliminate  the  problem  of  impelier-to-shroud 
rubs  encountered  in  this  and  other  programs  as  a  result  of  the 
small  clearances  required  for  conventional  open-faced  impellers 
to  achieve  good  performance.  A  shrouded  impeller  would  also 
permit  extension  of  hub  and  shroud  walls  to  form  a  meehanically 
practical  rotating  vaneless  space  to  reduce  diffuser  entrance 
losses. 

4.  Means  for  improving  the  range  characteristics  of  this  compressor 
should  be  evaluated.  The  useful  performance  of  t!  j  compressor 
in  an  engine  or  gas  generator  application  would  be  substantially 
improved  if  peak  efficiency  could  be  achieved  off  the  surge  line. 
Several  approaches  have  shown  potential  for  improving  the  near¬ 
vertical  speedline  characteristics  of  high-pressure-rise,  single- 
stage  centrifugal  compressors.  Particular  attention  should  be 
given  to  the  impeller  exit/diffuser  entrance  region,  which,  to  a 
large  degree,  controls  range  from  choke  to  surge.  Specific 
recommendations  at  the  10:1  pressure  ratio  design  point  include 
reducing  the  number  of  diffuser  passages  to  increase  range,  as 
well  as  using  sweptback  impeller  blading. 
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APPENDIX  l 

OVERALL  PERFORMANCE  TABULATIONS 


The  tabulations  of  overall  performance  data  used  to  construct  the  performance 
plots  in  the  text  are  shown  in  Tables  XIV  through  XVII.  Table  XIV  contains  data 
through  the  range  of  operation  for  Build  No,  3  zero  degrees  of  prewhirl.  All 
steady-state  data  points  and  the  incipient  stall  point  located  by  stall  transients 
are  included.  Similar  Build  No.  3  data  for  10-  and  20-deg  inlet  guide  vane  set¬ 
tings  are  shown  on  Tables  XV  and  XVI,  respectively.  Table  XVII  contains  similar 
data  for  all  prewhirl  conditions  duiing  Build  No.  6.  Data  points  are  listed  in 
sequential  order  down  the  speedline  from  the  incipient  star  point. 
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TABLE  XIV.  OVERALL  PERFORMANCE  TABULATION  - 


BUILD  NO.  3,  0-DEG  PREWHIRL 

■EOM 

Pressure 

Ratio 

Efficiency, 

?r 

30 

0 

0.213 

1.257 

0. 747 

0.253 

1.272 

0.753 

C.  302 

1.261 

0.758 

0.389 

1.259 

0.704 

0.425 

1.218 

0.606 

0.40(5 

1.168 

0.487 

0.494 

1.142 

0.383 

50 

0 

0.620 

1.953 

0.751 

0.038 

1.942 

0.736 

0.007 

1.959 

0.742 

0.737 

1.907 

0.721 

0.709 

1.877 

0,704 

0.794 

1.749 

0.617 

0.801 

1.301 

0.276 

70 

0 

1.370 

3.603 

0. 764 

1.369 

3. 539 

0.756 

1.412 

3.515 

0.748 

1.414 

3. 505 

0.747 

1.452 

3.196 

0.686 

1.464 

2.999 

0.638 

1.454 

1.878 

0. 346 

80 

0 

1.879 

4.904 

0.767 

1.873 

4.872 

0.769 

1.897 

4.878 

0.771 

1.932 

4.812 

0.745 

1.936 

4.202 

0.669 

1.934 

3.861 

0.623 

1.938 

2. 531 

0.402 

90 

0 

2.597 

6.935 

0.761 

2.600 

6.921 

0.761 

2.624 

6.926 

0.760 

2.603 

6. 865 

0,761 

2.  597 

6.714 

0,751 

2.604 

6.296 

0.719 

2.605 

3.496 

0.446 

95 

0 

2.954 

8.661 

0.791 

2. 965 

8.563 

0.788 

2.969 

8,555 

0.786 

2.989 

8.520 

0.784 

3.019 

8,376 

0.778 

3.031 

8.019 

0,755 

3.026 

4.198 

0,472 

TABLE  XV.  OVERALL  PERFORMANCE  TABULATION  - 
BUILD  NO.  3,  10- DEO  PR E WHIRL 

Speed, 

% 

IGV 

Setting, 

deg 

Weight 

Flow, 

lb/sec 

Pressure 

Ratio 

Efficiency, 

% 

30 

10 

0.223 

1. 200 

0.526 

0, 246 

1.223 

0.662 

0,224 

1.251 

0.741 

0.269 

1.261 

0.756 

0.301 

1,271 

0.811 

0.337 

1.251 

0.746 

0. 360 

1.241 

0.709 

0.407 

1.226 

0.653 

0.432 

1.120 

0. 372 

50 

10 

0.637 

1.950 

0. 746 

0.625 

1.941 

0.747 

0,655 

1.941 

0.748 

0. 663 

1.955 

0..  .'53 

0.649 

1.928 

0.743 

0.646 

1.947 

0.759 

0.698 

1.919 

0.737 

0.777 

1,871 

0.717 

0.776 

1.664 

0.567 

0.790 

1.305 

0. 291 

70 

10 

1.355 

3.555 

0.772 

1.406 

3.503 

0.763 

1.417 

3.480 

0.762 

1.453 

3.408 

0.742 

1.462 

3.202 

0.697 

1.460 

3.  006 

0.653 

1.457 

3.152 

0.688 

1.463 

1.884 

0.352 

80 

10 

1.874 

4.943 

0.779 

1.898 

4.851 

0.769 

1.910 

4.836 

0,766 

1.930 

4.720 

0.752 

1.914 

4.549 

0.734 

1.933 

4.384 

0.708 

1.903 

2.500 

0.401 

90 

10 

2.562 

7,137 

0.797 

2.575 

7.046 

0,790 

2. 595 

7.046 

0.789 

2.605 

6,973 

0.786 

2.607 

6„882 

0.781 

2.611 

6.258 

0.734 

2.586 

3.496 

0.461 
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TABLE  XV  -  Continued 

IGV 

VV 

eight 

Speed, 

Setting, 

r 

"low, 

Pressure 

Efficiency, 

rt 

( 

deg 

lb 

/sec 

Ratio 

% 

95 

10 

2. 

778 

8.192 

0.796 

2. 

818 

8.261 

0.791 

2. 

816 

8.176 

0.791 

2. 

819 

8.174 

0.791 

2. 

854 

8. 145 

0.788 

2. 

873 

8.  083 

0.783 

2. 

902 

8.  006 

0. 777 

2. 

878 

7.610 

0.757 

2. 

895 

6. 927 

0.710 

2. 

902 

6.825 

0.700 

2. 

898 

3.  990 

0.467 

2. 

895 

3.978 

0.467 

100 

10 

3. 

005 

9. 338 

0.770 

3. 

025 

9.  288 

0.762 

3. 

037 

8.885 

0.742 

3. 

039 

8.575 

0.723 

3. 

034 

8. 135 

0.703 

3. 

033 

6.594 

0.611 

3. 

025 

4.287 

0.451 

TABLE  XVI. 

OVERALL  PERFORMANCE  TABULATION 
BUILD  NO.  3,  20-DEG  PREWHIRL 

- 

IGV 

Weight 

Speed, 

Setting, 

Flow, 

Pressure 

Efficiency, 

% 

deg 

Ib/sec 

Ratio 

% 

30 

20 

0.275 

1.253 

0.785 

0. 269 

1.259 

0,747 

0.358 

1.272 

0.759 

0.394 

1.235 

0.674 

0.419 

1.229 

0,664 

0.484 

1.168 

0.497 

0.494 

1.119 

0. 367 

50 

20 

0.614 

1.976 

0.780 

0,611 

1.942 

0,750 

0.664 

1.923 

0,750 

0.718 

1.918 

0.746 

0.762 

1.842 

0,701 

0.774 

1.686 

0.588 

0.790 

1.289 

0.274 

0.777 

1.297 

0.278 

TABLE  XVII.  OVERALL  PERFORMANCE  TABULATION  - 
BUILD  NO.  6 

Pressure 

Ratio 

Efficiency, 

(7 

.( 

70 

30 

1.227 

3.405 

0.735 

1.242 

3.320 

0.722 

1.441 

3.255 

0.717 

1.357 

2.952 

0.038 

1.340 

1.874 

0. 349 

70 

20 

1.288 

3.500 

0.734 

1.279 

3.340 

0.713 

1.353 

3. 044 

0.650 

1.353 

2.598 

0,544 

1.359 

1.829 

0. 334 

8a 

30 

2.  044 

5.624 

0.767 

2.071 

5.425 

0.756 

2. 005 

5.  108 

0.733 

2.097 

4.040 

0.600 

2.101 

2.  860 

0.426 

85 

20 

2.078 

5.690 

0.751 

2.125 

5t 

0.742 

2.117 

5. 234 

0.719 

2.113 

4.692 

0.657 

2.088 

2.925 

0.422 

94.5 

15 

2.734 

8.079 

0.775 

2.787 

7.957 

0.768 

2.797 

7.913 

0.76S 

2.823 

7.298 

0.728 

2.819 

6.703 

0.689 

2. 833 

6.539 

0.676 

2.  80'< 

3.945 

0.461 

94.5 

10 

2.792 

8. 169 

0.773 

2.796 

8.037 

0.768 

2.827 

7.808 

0.753 

2.841 

7.414 

0.726 

2.828 

7.273 

0.717 

2.837 

7.015 

0.701 

2.823 

4.059 

0,471 

95 

10 

2.833 

8.388 

0.778 

2.819 

8.238 

0.769 

2.  883 

8.122 

0.764 

2.894 

7.487 

0.725 

2.894 

6.897 

0.686 

2.881 

6.792 

0.681 

13? 


TABLE  XVII  -  Continued 


10V  i 

jed, 

Setting, 

t 

r 

deg  1 

Pressure 

Ratio 


Efficiency, 


101 

3 

3.120 

9.661 

0.735 

3. 136 

9,693 

0.737 

3.112 

9.444 

0.726 

3.  147 

9. 360 

0.724 

3.  lit 

9.119 

0.712 

3. 142 

8.520 

0.683 

3.150 

4.679 

0.448 

101 

0 

3. 183 

9.  882 

0.737 

3.185 

9.649 

0.727 

3.192 

9. 552 

0.722 

3.197 

8. 993 

0.695 

3.19-4 

8.516 

0.672 

3.195 

7.830 

0.639 

3.192 

4.743 

0.450 

101 

-4 

3.196 

10. 034 

0. 738 

3.198 

9. 965 

0.733 

3.209 

9.698 

0.721 

3.217 

9.672 

0.721 

3.221 

8.786 

0.682 

3.222 

7.398 

0.610 

3.221 

4.728 

0.442 

THAVKBSK  PLOTS 


This  section  contains  plots  of  traverse  data  obtained  during  Builds  No.  3  and  6 
testing.  Total  pressure  and  total  temperature  are  ratiood  to  standard  day  con¬ 
ditions,  but  are  otherwise  uncorrected.  The  keys  on  the  plots  identify  the  correct 
scale  to  the  symbol  from  right  to  left  in  increasing  number.  The  temperature 
sensor  on  the  Station  1  and  1. 5  traverse  probe  is  offset  0.045  in.  from  the  pres¬ 
sure  sensing  ports.  Both  the  Station  1  and  1.5  probes  were  stopped  prior  to  the 
hub  wall  and  traversed  into  recesses  in  the  shroud  wall. 

Figures  124  through  152  contain  Station  l  (inlet  guide  vane  exit)  radial  plots  of 
total  pressure,  air  angle,  total  temperature,  and  circumferential  plots  of  total 
pressure.  The  radial  traverses  are  from  hub  to  shroud,  while  the  circumferential 
traverses  were  made  at  five  discrete  spamviso  locations.  Figures  153  through  174 
contain  Station  1.5  (inducer  exit)  radial  traverses  of  total  pressure,  air  angle,  and 
temperature  vs  travel.  Figures  175  through  210  contain  Station  2  (impeller  exit) 
traverse  plots  of  total  pressure  and  air  angle  from  hub  to  shroud.  The  probe  was 
traversed  from  a  recess  in  the  shroud  wall  to  a  recess  in  the  hub  wall,  and  data 
wore  recorded  on  the  return  traverse.  Figures  211  through  219  are  impeller  exit 
temperature  traverse  plots  takon  la  the  same  manner  as  total  pressure  and  air 
angle. 
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I'iuuvts  126.  tuv  C i mmi rent ial  Traverse,  Buil4  Vo 
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Figure  133.  IGV  Circumferential  Traverse,  Build  No.  6 
10191  Speed,  -4-deg  IGV,  50%  Span. 
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Figure  137.  I«!V  Kxit  Radial  Traverse,  Hu  lid  N'o.  6, 
100  SpetMt,  10-deg  UiV,  Near  Stall. 
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Figure  154.  Inducer  Exit  Traverse,  Build  No.  6,  101%  Speed, 
5-deg  IGV,  Near  Stall. 


Figure  155.  Inducer  Exit  Traverse,  Build  No.  6,  101%  Speed 
0-deg  IGV,  Wide  Open  Discharge. 
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Ffiffure  ic:i.  Inducer  Exit  Traverse.  Build  No.  C.  Figure  164.  Inducer  Exit  Traverse,  Build  No.  3 
35%  Speed.  15-deg  1CV,  Near  Stall.  95^  Speed,  10-deg  1C.Y,  Wide  Open 
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Figure  177.  Impeller  Exit  Traverse,  Build  No.  6,  101?i  Speed, 
— l-deg  idV,  Near  Stall. 
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Figure  188.  Impeller  Exit  Traverse,  Build  No.  G,  85%  Speed, 
30-deg  lUV. 
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Figure  189.  Impeller  Exit  Traverse,  Build  No.  6,  85'li  Speed, 
20-deg  IGV,  Near  Stall. 
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Figure  192.  Impeller  Exit  Traverse,  Build  No.  3,  70%  Speed 
20-deg  IUV,  Below  Near  Stall. 


W9!*4  IlliC^S) 


i^ure  I'J4.  impeller  Kxit  IVa verse,  IkiiUt  N'u 
IO-tie£  t(i\’.  Near  stall. 
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figure  203.  Impeller  Exit  Traverse,  Build  No.  3,  30%  Speed, 
20-deg  ICV,  Below  Near  Stall, 
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^iiiure  207.  Impeller  l!\it  Traverse,  Build  No.  3,  30^  Speed. 
10-detf  tGV,  Below  Near  Stall. 


Figure  Impeller  Estft  Traverse,  Build  Na.  3,  3tf!  Speed, 
(Meg  tilV,  War  Stall. 
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Figure  214.  Impeller  Exit  Traverse  With  Coolant,  Build  No.  6 
101%  Speed,  -4-deg  IGV. 
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INLET  GUIDE  VANE  PERFORMANCE  PRINTOUTS 


Summary  printouts  from  the  inlet  guide  vane  circumferential  traverse  data  reduc¬ 
tion  program  are  shown  in  Tables  XVIII  through  XXIX  for  Builds  No.  3  and  6. 
Parameters  pertaining  to  inlet  guide  vane  gaps,  including  both  a  strut  wake  and 
an  inlet  guide  vane  wake,  are  denoted  by  an  (S),  and  those  parameters  pertaining 
to  gaps  that  include  only  an  inlet  guide  vane  wake  are  denoted  by  a  (V).  Values  of 
these  parameters  were  then  weighted,  based  on  the  relative  number  of  struts  to 
number  of  inlet  guide  vanes,  and  combined  to  yield  the  "weighted”  values  at  each 
percent  span.  All  other  parameters  listed  in  the  printout  are  self-explanatory. 

A  complete  discussion  of  the  data  reduction  procedures  can  be  found  in  the  main 
body  of  this  report. 
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TRAVERSE  DATA  REDUCTION  PRINTOUTS 


Component  performance  parameters  and  velocity  triangles  calculated  from  tra¬ 
verse  data  are  presented  in  Tables  XXX  through  LXXXII  for  all  Builds  No.  3 
and  6  traverse  points.  Tables  XXX  through  LIV  include  all  Build  No.  3  traverse 
data  reduction  printouts,  and  Tables  LV  through  LXXII  include  all  the  Build  No.  6 
traverse  printouts  in  which  the  data  were  reduced  following  the  basic  set  of  as¬ 
sumptions  and  procedures  set  forth  in  the  data  reduction  procedures  section  of 
this  report.  For  both  builds,  tables  are  arranged  in  order  of  increasing  speed. 
Information  in  the  title  is  self-explanatory,  with  WOD  (wide  open  discharge), 
knee,  and  near  stall,  referring  to  the  back  pressure  condition  on  the  speedline. 

In  Tables  LXXIV  and  LXXV,  the  inducer  exit  traverse  data  were  reduced  assum¬ 
ing  a  linear  spanwise  static  pressure  distribution  instead  of  a  constant  static 
pressure  distribution  for  near-stall  points  at  100%  speed,  10-deg  IGV  and  101% 
speed,  -4-deg  IGV,  respectively.  All  impeller  exit  traverse  data  in  Tables  XXX 
through  LXXV  were  reduced  assuming  a  constant  spanwise  total  temperature 
profile  equal  to  the  collector  total  temperature.  Tables  LXXVT  through  LXXXII 
include  impeller  exit  printouts  in  which  the  traverse  data  were  reduced  using  the 
total  temperature  profiles  obtained  from  impeller  exit  total  temperature  tra¬ 
verses. 

Component  performance  parameters  and  velocity  triangle  components  are  given 
in  the  summaries  for  each  traverse  station.  Velocity  triangle  components  listed 
in  the  tables  are  defined  per  the  following. 


Other  parameters  calculated  for  each  percent  span  include  incidence  (I),  absolute 
Mach  number  (MO),  and  relative  Mach  number  (MREL). 
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io/i  centrifugal  compressor*  inducer  traverse  s/i  line*  below  near  stall*  run  3.09 
ic.v  turning*  10  deg 

r  LOW  RATE  -  2.902  SPEED  -  61921.0 
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70  0.731  0*3.*?*  **.5*9  591.707  601.079  1212. *07  611.327  41.00  050.707  0.737  -3.065  0.937 
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10/1  CtNTRIFUGAL  COMPRESSOR.  IMPELLER  TRAVERSE 
8/1  LINE.  bfcLOW  NEAR  STALL.  RUN  3.09 
IGV  TURNING'10  DEG 
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IWP..1MC.  PRESS.  AA TIC  ll.SU  IttP'lND.  TEKP.  RATIO  1.1U  EFFICIENCY  O.T4A 

iwp.iino. .J&v  PRESS.  RATIO  11.4*1  IMP..IND..IGV  TEMP.  RATIO  2. *14  EFFICIENCY  0.74* 


STATIC  PRESSURE  DISTRIBUTIONS 


This  section  consists  of  static  pressures  along  the  entire  flow  path  of  the  rig  for 
Builds  No.  3  and  6.  Figures  220  through  229  consist  of  static  pressure  profiles 
along  the  inlet  flow  path;  Figures  230  through  239  of  static  pressure  variations 
along  the  impeller  shroud;  and  Figures  240  and  241  of  diffuser  static  pressure 
profiles. 

Figures  220  through  225  are  Build  No.  3  data,  which  had  a  straight  axial  inlet, 
shroud,  and  hub  static  pressure  taps  from  the  inlet  guide  vane  leading  edge  to  the 
impeller.  Figures  226  through  229  consist  of  Build  No.  6  static  pressures  with 
the  converging  inlet,  which  had  only  shroud  static  taps.  These  taps  range  from 
the  inlet  guide  vane  trailing  edge  through  the  inducer.  Figures  230  through  235 
show  Build  No.  3  shroud  static  pressures  along  the  impeller  shroud  and  Fig¬ 
ures  236  through  239  show  the  pressures  for  Build  No.  6.  Figure  240  is  a  Build 
No.  3  diffuser  static  pressure  profile  for  95%  speed  and  inlet  guide  vanes  of  0, 

10,  and  20  deg.  Figure  241  is  a  Build  No.  3  diffuser  static  pressure  profile  for 
a  10-deg  inlet  guide  vane  at  speeds  of  30,  70,  95,  and  100%. 
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°Pen  Speed,  10-deg  [ G V ,  Near  Stall 


Di&ch&rge 


Flow  Path,  Build  No.  G,  101$  Flow  Path,  Build  No.  6,  95% 

Speed,  -4-deg  IGV,  Near  Stall.  Speed,  10-deg  IGV,  Near  Stall 


DISTANCE  UJOHQ  lUfELLER  SHROUD  •  Hu 


Figure  230.  Static  Pressure  Variation  Along  Impeller  Si  oud,  Build  No.  3, 
100%  Speed,  10-deg  IGV,  Near  Stall. 


O  Shroud  Static  Pressure  Tip 


Figure  231.  Static  Pressure  Variation  Along  Impeller  Shroud,  Build  No.  3, 
95%  Speed,  20-deg  IGV,  Near  Stall. 


OUTANCH  ALONG  IUKILW  SKtOUO  - 1*. 


Figure  232.  Static  Pressure  Variation  Along  Impeller  Shroud,  Build  No.  3; 
95%  Speed,  10-deg  IGV,  Wide  Open  Discharge. 


Figure  233. 


Static  Pressure  Variation  Along  Impeller  Shroud,  Build  No. 
95%  Speed,  10-deg  IGV,  Near  Stall. 


Static  Pressure  Variation  Along  Impeller  Shroud,  Build  No.  3 
70$  Speed,  10-deg  IGV,  Near  Stall. 


WSTAHtH  *10610  UOtiU'H  SKJUjOO  •  U. 


Figure  238.  Static  Pressure  Variation  Along  Impeller  Shroud,  Build  No.  6 
100(,'  Speed,  10-deg  IGV,  Near  Stall. 


O  Utmt  *ut"  hww  T** 


Figure  239.  Static  Pressure  Variation  Along  impeller  Shrtjud,  Build  No.  ti 
95^  Speed,  10-deg  IGV,  Near  Stall. 


Figure  240.  Diffuser  Static  Pressure  Profile,  Figure  241.  Diffuser  Static  Pressure  Profile, 

Build  No.  3,  95^  Speed,  Near  Build  No.  3,  10-deg  IGV,  Near 

Stall.  Stall. 


HIGH-FREQUENCY  RESPONSE  INSTRUMENTATION  DATA  PLOTS 


High-response  (Kulite)  data  were  obtained  during  Build  No.  6  testing  at  a  near¬ 
stall,  steady-state  point  and  during  a  stall  transient  for  both  70  and  78%  design 
speeds.  Data  were  recorded  from  one  total  pressure  probe  at  the  impeller  exit 
(header  PT1DK1),  two  static  pressure  probes  in  the  diffuser  \anelcss  space 
(PSDVK1  and  PSDVK2),  and  one  static  pressure  probe  at  the  diffuser  exit  (PSDEK1). 

Plots  produced  from  the  data  are  shown  in  Figures  242  through  296.  Each  figure 
includes  a  plot  of  pressure  vs  time,  peak-to-peak  pressure  vs  frequency,  and  a 
cross  correlation.  The  cross  correlation  was  generated  to  determine  the  com¬ 
monality  of  the  signals.  It  was  accomplished  as  follows:  Time  samples  of  the  two 
waveforms  to  be  correlated  wore  divided  into  a  number  of  segments.  The  cor- 
responding  segments  of  the  two  waveforms  were  multiplied  together  and  the  re¬ 
sulting  products  wore  summed  to  obtain  a  value  that  was  representative  of  the 
similarity  of  the  two  waveforms  at  time  delay  zero.  The  sogments  of  one  of  the 
waveforms  were  shifted  in  time  by  a  chosen  amount.  The  corresponding  segments 
of  the  first  waveform  and  the  time  shifted  sogments  of  the  second  waveform  were 
multiplied  together  and  their  products  summed  to  obtain  a  value  that  was  representa¬ 
tive  of  the  similarities  of  the  first  waveform  and  a  time  shifted  version  of  the 
second  waveform.  The  shift  in  time,  multiplication,  and  summation  were  repeated 
for  all  time  delays  of  interest.  The  cross-correlation  plot  is  a  plot  of  these 
similarities  vs  their  corresponding  time  delays.  Plots  produced  at  a  near-stall, 
steady-state  point  at  70%  speed  for  each  parameter  are  shown  in  Figures  242 
through  245,  Figures  24(5  through  251  show  the  plots  produced  from  the  total  pres¬ 
sure  Kulite  data  at  successive  time  increments  proceeding  into  stall  at  70%  speed. 
The  time  statement  on  each  plot  refers  to  the  day  of  the  year,  hour  of  day,  minute, 
second,  and  fraction  of  second.  The  fraction  of  second  code  is  included  in  the 
title  of  each  plot  to  aide  in  identification.  Transient  plots  at  the  same  successive 
time  increments  for  PSDVK1,  PSDVK2,  and  PSDEK1  are  shown  in  Figures  252 
through  257,  Figures  258  through  263,  and  Figures  264  through  269,  respectively. 
Near-stall,  steady-state  plots  at  78%  speed  for  each  parameter  are  shown  in 
Figures  270  through  273.  The  transient  plots  into  stall  for  each  parameter  at  78% 
speed  are  as  follows:  PTIDKi,  Figures  274  through  279;  PSDVK1,  Figures  280 
through  285;  PSDVK2,  Figures  286  through  291;  and  PSDEK1,  Figures  292 
through  297. 
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Figure  242,  High-Frequency  Response  Data,  1QC,{  Speed,  Steady-State,  PTIDK1 


Figure  244.  High-Frequency  Response  Data,  70^  Speed,  Steady-State,  PSDVK2 


FH£QA)£rtc'j  CkHz.) 

Figure  215.  High- Frequency  Response  Data,  7<K  Speed,  Steady-State,  PSDEK1. 


S«jure  2  j<i.  Higjb- Frequency  Response  I>ata,  7CT  Speed,  Stall  Transient 
Tinie  IOC,  PTIDHI. 


Fifjare  24T.  HUjla- Frequency  Response  Data,  70'?  Speed,  Stall  Transient 
Time  !  20,  PT3DK1. 


Figure  24®,  High- Frequency  Response  Data,  70^'  Speed,  Stall  Transient 
Time  434  PTJDK1. 


FREQUZ//C'/  CKH&) 

High-Frequency  Response  Data,  70%  Speed,  Stalled,  Time  438, 
PTTDK1. 
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Figure  252.  High-Frequency  Response  Data,  70%  Speed,  Stall  Transient 
Time  406,  PSDVK1. 


253.  High-Frequency  Response  Data,  70%  Speed,  Stall  Transient, 
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-Frequency  Response  Data,  70%  Speed,  Stall  Transient 
;  434,  PSDVK1. 


vi1 


Figure  255.  High-Frequency  Response  Data,  70%  Speed,  Stall  Transient 
Time  43*  PSDVK1. 


r#£QU£/scy  (hHt) 


Frequency'  Response  Dal:*!,  70^?  Speed,  Siall  Transient 
40«  ‘  PSDYK2. 


FRlQULMCi  (K^l) 

Frequency  Response  Data,  70%  Speed,  Stall  Transient 
426,  PSDVK2. 


Frequency  Response  Data,  70^  Speed,  Stall  Transient 
434,  PSDVK2. 
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Fijjare  261.  H Jijfc- Frequency  Response  Data,  70’.t  Spc^d,  Stall  Transfent, 
Time  43G,  PSDVK2. 


Frequency  Response  Data,  70°I  Speed,  Stalled 
Fife,  PSDYK2. 


Figure  267.  High-  Frequency  Response  Data,  70%  Speed,  Stall  Transient 
Time  430,  PSDEK1. 


High- Frequency  Response  Data,  70*J  Speed,  Stalled,  Time  438 
PSDKK1. 


High-Frequency  Response  Data,  7 OT  Speed,  Staller! 
PSDKK1. 


{jure  271.  High- Frequency  Response  Data,  7  8^  Speed,  Steady- State 
PSDVK1 . 


tgure  272.  ISigSa- Frequency  Response  Data,  75*?.  Speed,  Steady-State 
PSOVK2. 
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Frequency  Response  Data,  73%  Speed,  Stall  Transient 


ftefcO  9*n$<i-P<Sd  ' 
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High-Frequency  Response  Data,  78%  Speed,  Stalled,  Time  565 
PTIDK1. 


(>S&) 


279.  High-Frequency  Response  Data,  73^  Speed.  Stalled,  Time  567 
PTIDKi. 


I P*  £®vJ£tfOf 

Figure  2S0.  High-Frequency  Response  Data,  78?  Speed,  Stall  Transient 
Time  533,  PSDYK1. 


requency  Response  Data,  73%  Speed,  Stall  Transient 
»G1.  PSDVK1 . 


Figure  233 •  Hi  gb- Frequency  Response  Data,  78%  Speed,  Stall  Transient 
Time  563,  PSDVK1. 


Figure  284'  Uigb-Frequ/„-  spoose  Data,  78*1  Speed,  Stalled,  Time  565 

PSDVKi. 


Vefjittejiey  Response  Data,  7-3^'  Speed,  Stall  Transient 
>33.  PSDVIv2. 


Figure-  £fr;.  I  l§g!b~  Frequency  Response  Data,  Speed,  Stall  Transient 
Time  S53,  PSDVK2. 


■esqueaey  Response  Data,  7 S'l  Speed,  Stall  Transient 
I,  PSDVK2. 


Time  563,  PSDVK2. 


FA£Q  UBMt  f  (H  Hi) 

High-Frequency  Response  Data,  78%  Speed,  Stalled,  Time  567 
PSDVK2. 


igure  292*  High-Frequency  Response  Data,  78%  Speed,  Stall  Transient 
Time  533,  PSDEK1. 


Figure  294.  High-Frequency  Response  Data,  78*5  Speed,  Stall  Transient 
Time  561,  PSOEK1. 


Frequency  Response  Data,  78^-  Speed,  Stall  Transient 
5G3,  PSDL'Kl. 


IMPELLER  EXIT  17%  STALL  TRANSIENT  DATA 

This  section  contains  stall  transient  data  obtained  with  the  impeller  exit  (Station  2) 
cobra  probe  sensor  positioned  17%  of  the  flow  path  width  from  the  shroud  wall. 

The  cobra  probe  and  recording  equipment  were  identical  to  that  used  in  regular 
traverses.  Frcc{uency  response  of  this  system  should  be  considered  poor  for 
transient  characteristics,  impeller  exit  air  angle  and  total  pressure  and  collector 
static  pressure  arc  presented  vs  time.  The  pressures  were  ratioed  to  standard 
day  conditions.  The  key  denotes  the  proper  symbol  to  the  scales  from  right  to 
left  in  ascending  order.  Each  condition  was  recorded  at  two  scanning  rates,  one 
scan/sec  and  maximum  (approximately  6  seans/soc).  Conditions  for  Figures  298 
and  299  wore  101%  speed,  5-deg  IGV;  Figures  300  and  301  wore  101%  speed, 

0-deg  IGV;  Figures  302  and  303  were  101%  speed,  -4-deg  IGV;  Figures  304  and 
305  were  94.5%  speed,  15-dog  IGV;  and  Figures  30C  and  307  wore  95%  speed  and 
10-dog  IGV. 
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Figure  302>  Stall  Transient  Data,  101%  Speed,  -4-deg  IGV, 
ISPS  Rate. 
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The  obleciiwt  of  this  proyiim  wet  10  iteti(jn.  fabrics**  s„4  ten  a  3.1-lb/tec  airflow  tingle-nag*  centrifugal  comprenor  <hat  coulU  be  Incorporated 
U1  a  future  Army  advanced  technology  get  turbine  engine.  The  detlgn  performance  goalt  were  to  exceed  75%  efficiency  at  10:1  pretture  ratio. 
Since  gat  turbine  engine*  for  Army  aircraft  application!  operate  under  part-power  cceuhtlona  a  majority  of  the  time,  an  off  deny  n  perterwance 
goal  of  60%  Efficiency  at  6:1  preuurg  ratio  was 

In  the  design  of  the  compfSMG*.  parametF*c  ttudisi  were  conducted  to  select  an  overall  design  consistent  with  optimum  compressor  perform¬ 
ance  at  both  performance  goals.  These  studies  defined  the  comprestor  inlet  corrected  flow  rate,  impeller  inlet  hub  and  tip  radii,  corrected 
impeller  rotational  speed,  and  inlet  prewhirl.  Airflow  selection  and  the  selection  of  the  hub  fadiP*  were  influenced  bv  the  decision  to  design  a 
compressor  that  could  be  used  in  a  small  turboshaft  engine  with  a  concentric  shaft  front  drive. 

The  tip  radius  was  selected  after  determining  the  effect  on  axial  Mach  number,  inducer  t*p  relative  Mach  number,  and  inlet  ehote  flow  margin, 
The  effect  of  inlet  guide  vane  losses,  inlet  shock  losses,  diffuser  losses,  and  shroud  faction  heating  were  parametrical  evaluated  before 
selecting  an  IGV  prevdtiri  and  rotor  speed  to  provide  optimum  overall  compressor  performance.  A  remote  induce*  design  was  selected  over  an 
integral  inducer-impeUei  configuration  so  that  the  indues*  could  be  designed  using  transonic  axial-flow  compressor  technology-  The  work  split 
between  the  inducer  and  impeller  wa>  selected  so  that  the  telative  Mach  number  into  the  impeller  would  be  subsonic.  A  pipe  diffuser  was 
selected  over  vane  island  and  cascade  diffusers,  because  it  has  the  lowest  demonstrated  tosses  over  the  fvgest  range  p#  Mach  number  and  be¬ 
cause  PAW  A**  had  substantial  experience  in  designing  and  fabricating  this  type  of  diffuser. 

;  Demonstrated  total-to^tane  performance  was  as  high  as  >0.6%  efficiency  at  8.102  1  pressure  ratio  and  ?2-B%  efficiency  at  t0.03:1  pressure 
ratio.  Performance  adjusted  for  increased  losses  from  a  damaged  diffuser  ltd.  IS  1  pressure  ratio  and  ?8.0%  efficiency)  indicates  chat  the  basic 
compressor  design  would  surpass  the  10  1  pressure  ratio  program  goal.  Evaluation  of  component  performance  data  revealed  that  excessive 
losses  occurred  in  the  inducer  above  $£%  of  itfj’iy  speed  and  that  a  redesign  of  due  component  could  produce  an  additional  performance 

improvement  at  10:  t  pressure  r#uu- 
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